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Abstract

In this thesis heterojunction devices made by stacking layers of Bi-Oz and zinc phthalocyanine
(ZnPc) are studied. The Films are coated by the thermal evaporation technique under a vacuum
pressure of 10 mbar. The produced Bi.Os, ZnPc and Bi>Os/ZnPc are structurally and optically
characterized. It was observed that coating of ZnPc onto polycrystalline Bi>Oz induces the
crystallinity of ZnPc. Both of the stacked layers are of polycrystalline nature. The induced
crystallization of ZnPc is attributed to the atomic substitutions and completed bonding
mechanisms. In general, ZnPc layer decreased the Strain and defect density in Bi»Os leading to
larger crystallite sizes. The behavior is probably due lower ionic radii of Zn*? as compared to
Bi*® .On the other hand, optical studies have shown that formation of two stacked layers is
accompanied with pronounced free carrier absorption and pronounced interband transition, it is
also noted that increasing the thickness of Bi2Os substrate results in indirect allowed photonic
transitions at the Bi»O3 /ZnPc interfaces. In addition, although both of Bi»Oz and ZnPc show the
same energy band gaps (2.9 eV), the Bi»O3/ZnPc interface displayed narrower band gap (2.15
eV). Bi2Os/ZnPc heterojunction devices are also observed showing symmetrical condition and
valance band of sets of 1.46 eV and 1.40 eV, respectively. Moreover, the dielectric dispersion
studies on the proposed heterojunction devices have shown that Bi.Os/ZnPc film can perform as
dielectric resonators with critical energies centered at 2.48, 1.73, 2.97 and 3.28 eV. Drude —
Lorentz modeling on the imaginary part of the dielectric spectra revealed optical conductivity

parameters that show the suitably of devices for optoelectronic application.
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Chapter One

Introduction

Zinc Phthalocyanine (ZnPc) is a promising and organic material that has beneficial
properties which qualifies it to be used in medical, technological and industrial
applications. It has powerful features including minimal skin photosensitivity due to
its great tendency to aggregate in polar solvent, considerable penetrating radiation in
tissues due to the strong absorption in the red region of the spectrum in the Q band
(674 nm) which appears in the region between 1.4 and 2.6 eV [1,2], high the rapeutic
effect with low toxicity and high photochemical stability [3].It may be have as
microwave cavities [4], and also employed for fabricating photodiodes of high
responsivity [5]. In the same sector,research studies on Bi2Oz have shown that it is
highly conductive device and exhibit remarkable current growth at critical biasing
voltages [6],a good candidate to be used as wave traps and electronic fast switches
[7], other studies of the effect of bismuth oxide (Bi2Os) on the optical properties of
Bi203-Li20-20Zn015B203 glasses have shown that the prepared glasses have
preferable features to apply for radiation shielding applications [8], the addition of
Bi203 has decreased the optical transmission, increased the optical dielectric constant
of the glasses, it’s also shown that Bi»Os is suitable elect to be used in radiation
shielding application in the range of 30.82 keV -383.9 keV[9].

Many recent studies have focused on the exploration of the physical properties of the
ZnPc films and discover the monoclinic crystalline structure [4,2], the electron
affinities (qy), work functions (q¢) and energy band gap values which were gy= 3.34
eV, q¢ = 4.54 eV [10, 11], and Eg = 2.70 eV [12], the direct band gaps of ZnPc were

found to be 1.99 and 3.09 eV[13]. In spite of the fact that in semiconductor materials



electrical conductivity increases with temperature, it is also true that organic
semiconductors like ZnPc may suffer devolution in their internal structure at high
temperatures, leading to a decrease in their performance and/or operational failure
[2].In the same sector, the Bi.Osthin films observed to show a crystallization nature
relying on the crystal structure of the substrate, [14] they also found to prefer the
monoclinic nature of structure with larger values of microstrain, stacking faults,
dislocation density and smaller grain sizes when changing the glass substrate by
germanium [15]. For the monoclinic phase of Bi»Os films the value of 2.80 eV is
reported [16] with gy = 4.8 eV [17], q¢ = 6.33 eV[18], and Eg = 2.49 eV [19].

ZnPc thin films have been subjected to many different experimental techniques in
order to develop their performance. It was shown that topography has a considerable
effectiveness on the properties exhibited by the ZnPc-doped films and it relies
especially on the experimental parameters that used in the deposition of the films
[2].The results of coating ZnPc onto glass and Yb substrates using thermal
evaporating technique showed that structural, electrical and optical properties of the
Yb/ZnPc interfaces suggest that it can be wused as optoelectronic and/or
radio/microwave components [4]. Sol-gel method was used to produce dye sensitized
composite catalyst (ZnPc/TiO2) by immobilizing (ZnPc) molecules to TiO, nano
particles, obtained structures were specifically designed to increase the light
absorption, shift the light absorption to longer wavelength and harvesting capacity
beside facilitate the electron transfer in UVA region photocatalysis [20]. Using the
solution processed spin coating method, the capacitive type humidity sensor devices
was made-up in a planar geometry of Al/ZnPc/Al with the existence of a microporous
template [21]. Furthermore, literature data review various investigations that link the

Bi>0O3 based device performance to the substrate they were deposited onto [6].



The varied applications due to unique properties of the ZnPc, its validity to be used in
the fabrication of optoelectronic devices, especially those of interest in photovoltaic
applications [2], encourage us to manufacture a ZnPc/Bi.Os thin film by using the
thermal evaporation technique. Essentially, the aim of our project is to study the
structural and optical properties of ZnPc/Bi2Os thin film using Thermo-Scientific
Evolution 300 spectrophotometer equipped with variable angle reflectometer and
Miniflex 600 XRD unit for the X Ray Diffraction analytic. Some possible

applications of this thin film will be suggested.

Chapter two

Theoretical background



2.1 X-ray Diffraction (XRD):

X-ray diffraction is a powerful technique to get information about the crystalline
structure of the material. Its power came from the short range in which they appear in
the electromagnetic spectrum (0.1 — 100 A°) which is based on concept of Bragg’s
law [22].

Crystals can have one or many of the structural phases. Generally, there are seven
crystal systems named cubic, triclinic, monoclinic, orthorhombic, hexagonal, trigonal
and tetragonal. These systems can be known in terms of the relationships between
lattice angles (o, S, y) and lattice vectors (a,b,c) [23]. Each system has an interplaner
distance or spacing (d). This quantity is the perpendicular distance between two
successive planes on a family of miller indices (hkl). For the triclinic formula, there is

no relationships between the lattice parameters: (a # b # ¢) and lattice angles (a # S #

y # 90).

-hz . kz 2 Iz 2 i
a_ZSH] ﬂ'.‘l'b—leIl ﬁ‘l‘c—leIl ¥

2kl
+E(cosﬁ cosy—cosa)

2hl
+E(cosa cosy—cosf)

hk
1 ] +2a—;(cosa. cosf—cosy) |
dz ~ [1-cos? @—cos? B—cos? y+2cosa cosf cosy] (2.1)

Using equation 2.1 [24] one may derive all the other structural phases. These
important phases are shown in table 2.1. [25]

2.1.1 Bragg's law.



X ray diffraction illustrate how the x ray photons scattered elastically in periodic
lattice by atoms, constructive interference produced when the interactions between the
sample and the incident rays satisfy the conditions of Bragg's law as shown in Figure
2.1[26].

2d sinf = nd (2.2)

As shown from Figure 2.1, d is the interplanner spacing between two planes of atoms,

6 is the diffraction angle, n is an integer, A is the wavelength of the x ray 1.5405 A.

By combining the Bragg's condition with procured interplaner spacing, Miller indices
(hkl) according to the cubic crystal system with the lattice parameters of the

individual plane revealed by the equation [27]:

1 (RP+E2+1%)
dz a? (2.3)

Figure 2.1: Bragg scattering on the lattice surface.

The orientation of the crystalline planes Miller indices (hkl) is determined by how the

plane intersects the main crystalline axes of the solid.



Table 2.2 shows the interplanar spacing formula for the other six structures than

triclinic respectively.

Table 2.1: 3-D crystal structures for solid state materials and their conditions

Crystal structure Lattice constant Angle # of Bravais lattice
Triclinic a1# a2 # as o % B£y #90° 1
Monoclinic ar#ax# a3 o=p=90#y 2
Orthorhombic a1 #a2# as a=pB=y=90° 4
Tetragonal a1 = a2 # as a=B=y=90° 2
Cubic a=ax=as o=B=7=90° 3
Trigonal a=ax=as o ==y <120°#90° 1
Hexagonal a1 = ax# as a=pB=90°y=120° 1

Table 2.2: The interplanar spacing formula for the other six structures than triclinic [28]

crystal System

Cubic
Hexagonal

Trigonal

Tetragonal

Orthorhombic

Monoclinic

1 A
FERE R R

1

k? I?
dz- a?sin? ff tpEta sinf  acsin?f

Spacing Interplanar

1 (RP+k2+1%H)

az-  ar
L Rk 4R e
FERRE el
1 4 I?
" (R2 2y -
3= 53 (h% +hk + k) +
1 1 I?

IZ

2hicosf

2.1.2: Structural parameters

The Structural parameters, microstrain (€), dislocation density (8), broadening width



(B), crystallite size (D) and stacking faults (SF %) are obtained with the help of

maximum peak of the most intensive peak.

Crystallite size and Scherrer's formula
X-ray diffraction is a conventional method for calculating the mean size of crystallites

in polycrystalline materials. Crystallite size is determined by Scherrer's equation [29]

0942
" B cos(8)

(2.4)

Microstrain

Strain is caused by the relative displacements of atoms that affects the lattice constant

and make the deformation [30]. It is specified by the relation:

_ B
€= 4 tan (8)

(2.5)

uniform strain (elastic deformation) and non-uniform strain (plastic deformation) can

be found in the crystal as shown in Figure 2.2

ii‘;i JL No Strain
L N

d, J‘\

-—s Uniform Strain
- 1 1] N

~ _/\ Non-uniform Strain

—

20

Figure 2.2. Effect of lattice strain on diffraction peak position and width.

Dislocation density

The Dislocation density is the total length of dislocation line per unit area or



per unit volume of the crystal (lines/cm?) [31]. It can be determined from the
following equation [29]:
__15¢

§=28 (2.6)

aD

Where a is the lattice constant at the a — axis.

Stacking faults
Stacking faults is known as a type of planar defect in a crystal structure or defined as
a break in the normal sequence of stacking in the crystal [32]. It is calculated by the

relation [29]:

_ 2mB
SF= 45,/3 tan (0)

(2.7)
2.2: Optical properties

Optical properties of materials are very significant in the development of technology.
These properties depend on how the electromagnetic radiation interacts with the
material. This interaction is relied to the wavelength and frequency of the radiation
beam as well the property of the material like refractive index, band gap values,
dielectric constant, etc. These optical properties affected by the microscopic and
macroscopic properties of the material, like the electronic structure and the nature of
its surface and. There are many optical properties, the most important: transmission,

absorption reflection and refraction.

2.2.1 Band to band or fundamental absorption:



Band to band or fundamental absorption of radiation returns to the photoexcitation of
an electron from the valence band (VB) to the conduction band (CB). There are two

types of band to band absorption, which are direct and indirect transitions.

2.2.2 Direct transition:
No phonons are involved in the photo excitation process of a direct transition.
Electron excited from VB to CB when the photon of energy (hv) is absorbed, the
electron’s k vector doesnt change because the photon momentum very little
compared with the electron momentum. A direct transition on E — k diagram is a
vertical transition from an initial energy E in the VB to a final energy E’ in the CB
with no change in the wave vector k in the VB and the wave vector k' in the CB,

k' = k, as shown in Figure. 2.3. [33]

, p? (rk)?2
E'—Ec= 2mg - 2mj (2.8)
E,—E =2 2.9
v - gmﬁ ( ' )
CEBE 4 E

Figure 2.3: A direct transition from VB to CB through the absorption of a photon.
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The absorption coefficient o can be obtained from the quantum mechanical
probability of transition from E to E’, the occupied and the unoccupied density of
states at E in the VB and CB from which electrons are excited and at E + hv,
respectively. The density of states can be approximated by a parabolic band near the
band edges, and o rises with the photon energy as following:

ahv = A(hv — Eg)lfz (2.10)

a2

where A is constant w[ ](?.Ju’“)y2 , 1” is the reduced electron and hole

nch?mj
effective masses, E, is the direct band gap with minimum E; — E,, at the same k

value and n is the refractive index [33].

2.2.3 Indirect transition:
As shown in Figure 2.4, the photon absorption for the photon energies near E; in
indirect band gap solids requires the absorption and emission of phonons during the
absorption process. The energy of photon ( E,; — hv’) corresponds to absorption

which represents the phonon absorption with energy hw. Thus, a is proportional to

[hv' — (E, —hv')]". When the photon energy reaches (E, + hv’), then the

absorption of photon process happens by phonon emission, for which the coefficient

of absorption is greater than that for absorption of phonon [14].
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CEBE 3
E
Fholor =gy —e krm Eo
.Ipi!-'li'rg ) Er
B
I
i £
L Kvg x

Figure 2.4: An indirect transition across the band gap involves photons.

The absorption coefficient relates to the energy gap E, through the relation [34]:

(aE)'/r = B (E —E,) (2.11)
Where B is a constant depends on the transition probability, p is an index that
characterizes the absorption process and Ej is the energy gap.
Then,
P =% for direct allowed transition.
P = 2 for indirect allowed transition.
P = 1/3 for direct forbidden transition.

P = 3 for indirect forbidden transition.

1
The common way to calculate the energy gap (Ej) is plotting a graph of (aE)P versus

photon energy. In suitable value of p is used to get linear plot with the widest range of

data, the value of E, will be obtained by the intercept on the photon energy (E) axes.
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2.2.4 Absorption band tail (Urbach energy):
The optical absorption spectra of the materials have an essential role as it gives the
fundamental information about its optical band gap and its composition. Three main
region can be appeared in the optical absorption spectra, they are:

(1) Strong absorption region, that determine optical energy gap.

(2) Weak absorption region, which produce from defects and impurities.

(3) Absorption edge region, which produced because of the perturbation of

structural and disorder of the system.

Urbach tail is an exponential part near the optical band edge and along the absorption
curve. This tail appears in low crystalline, the disordered and amorphous materials
due to localized states for these materials that extended in the band gap. The

following relation represents Urbach rule [34]:

E
a = a,exp (—)

E, (2.12)
Where a,, is a constant, « is the absorption coefficient and E, represent the energy of
the band tail which is weakly dependent upon temperature and called Urbach energy.

Taking the logarithm for the two sides of the eq. (2.15), hence we can obtain a straight

line equation. It is given as follows:

Ina=Inay +— (2.13)

So, the energy band tail can be calculated from the slope of the straight line of

plotting In « versus the incident photon energy (E).
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2.2.5 The complex refractive index and dielectric constant

Dielectric constant(e) is the ratio of permittivity of material relative to the vacuum
permittivity. It's a complex property that consists of two parts, real and imaginary.
The refractive index (n) which show how fast light propagate through the medium,
can be a complex number.

If we consider an eclectic field on the x-axis and propagating on the z direction
include the incident and reflected waves [35].

E, = Ege!*¥z-wt) (2.14)

Where Eq is the amplitude at z = 0, w is the angular frequency and k is the wave
vector..

Thus, k and w are related to each other through:

2n T

e (2.15)

K=Gom ==

Using complex refractive index and generalized:

k= % ﬁcompiex (2.16)

E. = Ege'(@zN/c-wt) (2.17)
wiz wiz

=Ee'Ce 90 L g et Ten (2.18)

E -FE,+E, (2.19)

Where Eo, E: and E> are correlating by the continuity equation for the tangential

component of Hy through the boundary of the solid, using Maxwell’s equation

VXE=_ﬁﬁ=|a)_ﬂﬁ (2.20)
c ot c ot

OE, _loudoH (2.21)

0z c ot

Derive Egn. (2.18)
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Eok = El - E2 - = Eo 9 I\]complex (222)
C c c
E:L - E2 = EoNcomplex (223)
Solving the equations (2.27) and (2.23)
1 ~
E2 = E Eo (1_ Ncomplex) (224)
El = % Eo (1+ Ncomplex) (225)
The normal incident reflectivity is given by the relation,
E 2
R=|-% (2.26)
El
Substituting equations (2.24) and (2.25) we can simplify Eqgn. (2.26)
(-Npd| 1-0% k7
R = complex — 1- Ijz + — (227)
‘(1+ Neompie)|  1+0° +K
Whereﬁ;ommex has real and imaginary parts, ﬁ;ommex =7+ ik
_1+nA*-2n+k? (2.28)

S 1+n%+2A+k?
For strongly absorbing medium (n= k > 1) [36], the unity terms are cancelled, Eqgn.

(2.25) becomes
RA% +2AR+ k2R =M% —2A1 + k2 (2.29)
(R-Dn%+2A(R+1)+k2(R-1) =0 (2.30)

If we use the solution of square root equation

_ —b+b% —dac

x=—— (2.31)

2a

we can obtain

—2(R+1) ++/(2(R+1)> - (4R -1)(R-1)k?)
2(R-1)

fio (2.32)
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- (R+] (R+D)\. 2
n= (R—l)i /((R—l)) k (2.33)

Then, the roots are

_ R+1 R+1 -
ni=—0-) +J4(E)2 — 4k

&= (FFLy _ Rtlyo 472

2= (R—l) J4(R—1) 4k

As we know,

N = /E (2.34)

Substitute Eqgn. (2.32) in equation (2.31) we get

_ (R+]) (R+1)\. 2
Eetf = (R—l)i- ((R—l)) k (2.35)

To derive the dielectric constant equations, it is important to define the complex

refractive index [31, 32]

N somplex = 146 (2.36)
Where Ncomp,ex consists of real and imaginary parts

Neomprex =1 + ik (2.37)
K = % Neomotes (2.38)

Equation (2.32) can be derived from Maxwell’s equations [36], Kis the extinction

coefficient gngd 7 is the refractive index.

For non-magnetic material ( « =1), Eqn. (2.34)

N E ot (2.39)

complex =
The dielectric constant equation is given by,

Egt =& &, (2.40)
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£1 and & states the real and imaginary parts of dielectric, respectively.

Substitute Eqgn. (2.32) in Eqgn. (2.30) we get,

Nzcomplex =&y = (ﬁ + ”2)2 (241)

&

« =n%—k?+i2nk (2.42)
Matching Eqn. (2.33) with Eqn. (2.35) the real and imaginary parts are

g = —k? (2.43)
€, = 2Ak (2.44)
We consider that the equation of the electric field for an electromagnetic wave
propagate in a medium in the z-direction is:

E(z,t) = E g't*™ (2.45)
Where o is the angular frequency and k is the wave number, the relation between the

extinction coefficient K and A is

K=—= (2.46)

E(zt)=Ee ¢ e ¢ (2.47)
As we know, | o« EE" where | is the optical intensity of the light wave and E is the

electric field:

—kawz

loce © (2.48)

Comparing Beer' equation with (2.42) equation we can find that

Ko 47K
— = =—

- - (2.49)

Then, K = 2% (2.50)
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Chapter Three

Experimental Details

3.1 Cleaning glass

The glass is cleaned to get sure no impurity and foreign materials exist in the films. In
the cleaning process, we firstly wash a 7.5 cm-length glass (Lime; SiO2:Na:
MgO:CaO) by using softening sponge, distilled water and alcohol. Then, the glass
was immersed in H.O2, covered with aluminum foil, and ultrasonically shacked for 30
minutes at 70°C. Thereafter, they were immersed with 70%-Ethyl-Alcohol and
ultrasonically shacked for 30 minutes at 28°C and then dried. In order to begin the
evaporation process, cleaned glass was checked by eye to have no scratch on the

surface.

3.2 System preparation for thin film evaporating

The evaporation process of the Bi2Os/ZnPc thin films onto the cleaned glass was done
using Norm VCM-600 vacuum evaporation system (Figure 3.1). Bi.Os boat used for
placing a high purity Bi»Os. The cleaned glass substrates were put and splice on a
substrate holder (metal plate), after that the jar was closed. In order to perform an
impurity free environment inside the deposition champer, the vacuum pressure was
lowered to 1.3x10* mbar, then the evaporation process of Bi,Os started to form the
first layer. The films were removed from the champer after the champer was cooled to
a suitable level. The films of the Bi.Oz with different thickness were determined by
using surface roughness tester-profilometer (Model SOLID TR-200 plus). The

profilometer is shown in Figure 3.3.
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Then, thin films of ZnPc were prepared from the ZnPc powder by depositing it onto
the previously cleaned glass and Bi.Os-coated glass substrates. The evaporation boat
is supplied with current when the pressure was about 10 mbar and the shutter is
opened after 2 minutes. When the boat was heated ZnPc powder started to evaporate
and form on the substrates. The thickness of ZnPc thin films was allocated to be 0.5
um through an INFICON STM-2 thickness monitor linked to the evaporating system.
When the requested thickness was achieved, the shutter was closed. The geometrical

design of the Bi>Os/ZnPc samples is shown in Figure 3.2.

Figure 3.1: The 600 VCM evaporation system.

Figure: 3.2 The geometrical design of Bi»Os/ZnPc thin film.

Figure: 3.3 The roughness tester-profilometer (Model SOLID TR-200 plus) system.
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3.3 Thin film analysis
The structural and optical properties of the thin film were studied with the help of the
X-ray diffraction (XRD), hot probe, and optical spectrophotometry techniques. These

techniques are termed in the next sections.

3.3.1 The X-ray Diffraction (XRD) Measurements

The crystallinity, preferred plane orientations, phases, and other structural parameters
of Bi2O3, ZnPc and Bi;O3/ZnPc thin films were determined using Rigaku
diffractometer which is shown in Figure 3.4, with K, radiation source of a copper
anode which have average wavelength of 1.5405 A running at 40 KV tube voltage
and 15 mA tube current was used. The data was collected by the MiniFlex guidance
software linked with the x-ray unit. XRD patterns were recorded with diffraction

angle 26 between 3°-70° with scanning speed of 0.3 deg/min and scanning step of

0.02 deg.

Figure: 3.4 X-ray Rigaku diffractometer.
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3.3.2 Optical Measurements:

The optical measurements of the Bi.Os, ZnPc and Bi:Os/ZnPc thin films were
determined by thermo-scientific evolution 350 ultra-violet visible light near infrared
(UV-VIS-NIR) spectrophotometer processed with VEE MAX Il variable angle
reflectometer. The spectrophotometer shown in Figure 3.5, uses a Xenon (Xe) lamp
light. The spectral wavelength was in the range of 190-1100 nm with a scanning
speed of 1200 nm/min. The transmittance and reflectance of the incident light on the
films was identified at normal incidence. For transmittance and reflectance
measurements, a baseline of 100 % T and 0% T is set through the process,
respectively. The reflectance measurement is set with the help of pike reflectometer.
The data is then collected and analyzed by a vision software program attached to the

system.

Figure 3.5: The UV-VIS spectrophotometer.
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As seen from Figure 3.6, the spectrophotometer contains two instruments: a
spectrometer and a photometer in which spectrometer produces light of any
wavelength, while the intensity of light is measured with the photometer. The
spectrophotometer is layout of a way that the film is set between spectrometer and
photometer. The amount of light that passes through the sample is measured by the
photometer. Photo meter also provides a voltage signal to the display. The voltage

signals change with the changing of the absorbing of light.
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Figure. 3.6: The schematic of the spectrophotometer system.[37]

3.3.3The hot-probe technique

The conductivity types of semiconductors (n-type, p-type) are important especially in
design the energy band gap diagram. The hot-probe technique is used to define the
conductivity type of semiconductors by specifying the majority charged carriers. This
method, which consists of a standard digital multimeter (DMM) and a heated probe,

allows the recognition of the type of the semiconductor. The DMM reads positive or
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negative voltage for the p-type or n-type semiconductor, respectively. It reads positive
value (p-type) for the ZnPc film and a negative one (n-type) for the BiOs film.
Figure. 3.7 displays the set-up of hot-probe technique connecting the positive probe to

the hot side.

Figure. 3.7 The set-up of hot-probe technique.
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Chapter Four

Results and Discussion

4.1 Structural Analysis

The structural and morphological properties of the Bi>Os, ZnPc and Bi.Os/ZnPc thin
films were identified by means of X-ray diffraction (XRD). The XRD patterns of the

films are shown in Figure 4.1.
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Figure 4.1 The X-ray diffraction patterns for Bi,Os, ZnPc and Bi,Os/ZnPc thin films. Inset.1 shows the

shift in the main peak. Inset.2 shows the photo sample.

Three sharp patterns are observed for Bi>Oz film. The most intensive peak is centered
at a diffraction angle of 26 = 22.72°. The other diffraction patterns are observed at 26
valuesof 20.62° and 46.16°. The standard diffraction patterns of Bi>Os appear is at
diffraction angles of 20 = 20.62°, 22.72° and 46.16°. Deep analyses using "crystdiff"

software backges to explore the structure were carried out. The deviations from the
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standards of these values are 1.2%, 2.8% and 0.4%, respectively. In accordance with
"crystdiff" software packages, the XRD patterns were analyzed and pointed out that
the peaks are exhibiting cubic structure of Bi»Os. The first observed reflection peak
which is located at 26 = 20.62° is assigned to (112) plane with estimated lattice
parameters of a = b = ¢ = 10.55 A° . The lattice parameters of this peak are
comparable to those reported in the open crystallography database (COD 9007686) as
a=10.25 A, with space group of l23. The analytical studying of the main peak pointed
out that the preferred plane orientation of the planes in the crystal is in the (022)
direction. The third peak is indexed along the (044) orientation direction. li is also
noted from the software analyses that changing the space group to Fm3m reproduce
the experimental data of Bi,O3; with a= b= c= 11.16 A. The lattice parameters for the
main and third peaks were estimated to bea=b=c=11.05 A°anda=b =c =11.14
A°, respectively. The lattice parameters for these peaks are comparable to those
reported as 11.20 A along the axis of the crystalline unit cell, in the open
crystallography data base (COD 1528292) with space group of Fm3m. The
parameters which were calculated with the help of previously mentioned equations in
chapter two are in good agreement with literature data, where a value ofa=b =c =

11.420 A° were reported [38].

The X-ray diffraction (XRD) pattern of ZnPc thin film shown in Figure 4.1 displayed
an amorphous phase of structure for this layer. However, the amorphous or crystal
phase of ZnPc relied on the temperature at which the thin film is deposited and the
annealing temperature that transforms the amorphous structure into crystalline f-form
The volume fraction of B-form increased with increasing the annealing temperature
[39]. The ZnPc films that were deposited at substrate temperature (Ts = 300K) were

found to be of amorphous structure [40].
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As appears in the insets of Figure. 4.1, the main peak of Bi.O3 shift toward lower
values of diffraction angle indicating larger interplanner spacing and longer lattice
parameters. Namely, the main and third peaks which are located at diffraction angles
of 20 = 22.72° shifts to 20 = 22.60°, with new lattice parameters values of 11.19 A.
However, the shift in the major peak and the decrease in the peaks intensity that is
associated with larger broadening, necessarily means that a deformation in the
structure of Bi.O3 have taken place. The impact of deformation usually resulted from
the lattice distortions that cause strain due to alteration in shear stresses over the axial

directions of the lattice [15].

The XRD patterns of the Bi2Os/ZnPc thin film in Figure. 4.1, showed the appearance
of new peaks in the curve. Namely, the film had sharp and lowest intensity diffraction
peaks at 26 = 4.34° and 20 = 27.62°, which are assignable to the ZnPc nanostructure
[41], and a body centered cubic phase of Bi2Os [42], respectively. These proposals are
in good agreement with literature data, where a values of 260 = 4.62° with a = 12.83A
for ZnPc and 20= 27.50° with a= 10.25A for Bi.Os were reported. The
crystallization process of ZnPc is induced by the cubic Bi»Os substrate. Induced
crystallization process probably resulted from the diffusion of some unbounded Bi or

O atoms into the matrix of the ZnPc organic compound [43].

On the other hand, the calculated crystallite size (D), micro strain (&), defect density
(8) and stacking faults (SF%) values for Bi,Os film coated onto glass and recoated
with ZnPc thin films are presented in Table 4.1. These structural parameters were
calculated with the help of equations reported on chapter 2. In accordance with the
table, the presence of ZnPc layer caused an increment in the values of the stacking

faults, micro strain and crystallite size. Theses parameters exhibit values of 0.68%,
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10.48 and 28 nm, respectively. The defect density decreases due to the reduction in

the number of unbounded atoms.

Table 4.1 The structural parameteres for Bi»Os and Bi,Os/ZnPc thin films.

Miller

indices

h k | Lattice D (nm) e(X10%)  SF% 8(X10%?
Sample 20 (°) 1 (X10%/s) constant (A) line/cm?)
) 24 10.00 0.65 55.88
Bi,03 22.72 380 02 2 11.07
) 28 10.48 0.68 50.74
Bi,Os/ZnPc  22.6 383 02 2 1119

Particularly, as can be seen from table 4.2, the increase in the crystallite size could be
related to the fact that the effective ionic radius of Zn™? in ZnPc which equals 88 pm
[44] is smaller than the effective ionic radius of Bi** which equals 103 pm [45], as a
result, replacement of Zn*? in unoccupied sites of Bi*? is preferable. This contributes
to defects which decrease in our new thin film. So, we could assign the increase in the
crystallite size to the enhancement of the crystallinity which in result increase the
crystallite nucleation. This leads to coalescence and agglomeration of crystallites
together producing higher grains. Furthermore, as indicated in table 4.3, every atom
in any bond can attract to another atom in another bond. These interaction forces
usually cause the strained structure causing the increasing of the crystallite size of
Bi2O3 over the Bi,O3/ZnPc interfacing. The potential barriers at the grain boundaries
decrease due to the increase in the crystallite size of the Bi.Os, as a result, the
conduction band increased due to the decrease of the energy needed for electrons to

overcome the barrier [46].
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Table 4.2 The ionic raduis and electronic configuration of the samples.

Sample  lonicradius  Electronic

(A) configuration
Bi 1.17 [Xe] 4f* 5d° 6s? 6p°
0 1.400471 [He] 252 2p*
Zn 0.74 [Ar] 3d° 4s?

If we think that the material composers could create chemical interaction, then in
comparisons using the bond length of Bi-Bi, Bi-O, O-O, Zn-Zn and Zn-O in Table
4.3. According to the collected data in the table, the shortest bond length with higher
bonding energy is assigned to Bi-O interaction. Therefore, Bi and O atoms can't
interact with Zn due to the higher bonding energy needed to break the Bi-O bond.
However, it may result in bond weakening that in turn allow unbounded atoms of O to

react with excess Zn.

Table 4.3 The bond length and bond energy of the samples.

Sample Bond length (A) Bond energy
(kJ/mol)
Bi-Bi 2.82[481 204.40041
Bi-O 1.9314 337.200
0-0 2.0004 142.0052
Zn-Zn 2.330% 126.4454
Zn-0 1.960% 250.4056]

Zn-N 1.9757] 16008




28

4.2 Optical measurements:

The optical transmittance (T%) and reflectance (R%) for the Bi»Os, ZnPc and
Bi>03/ZnPc thin films shown in Figure. 4.2 were measured in the wavelength range of

190-1090 nm with the help of an evolution 350 spectrophotometer.

As seen in the figure, the transmittance of ZnPc thin film increased sharply with
increasing incident light wavelengths () in the ultraviolet (190-400) and infrared
(700-820) nm regions. The film exhibited two high transparent regions, it reached
about 90% at 500 nm, which is comparable to that of glass in the visible light region,
and about 80% at 820 nm. These two regions are recognizable as B-band and Q-band
being dominant in the 340-580 nm and 700-1100 nm, respectively. These bands are
believed to originate from the transitions between the ZnPc molecular states ai to eg,
and ayy to ey both with byy to eq transition, respectively [57]. The transmittance spectra
for Bi2O3 showed a shoulder at 360 nm and have a maximum transmittance value of

40% at 570 nm.

For Bi2Os/ZnPc thin film, a decrease in the transmittance spectra were observed. The
maximum value of transmittance was about 40% at 420 nm wavelength. However, the
transmittance spectra for both ZnPc and Bi>Os/ZnPc have approximately similar trend
of variation. The similarity is due to the wider energy band gap of ZnPc which

perform as optical window.

The transmittance spectra for Bi2Os, and BiOsz/ZnPc thin films with different
thickness of Bi.Oz layers are also studied and displayed in Figure 4.3 and Figure 4.4,
respectively. For the Bi,Oz and Bi>Os/ZnPc thin films, the transmittance spectra

showed lowering in the transmittance with increasing the thickness of the Bi»Os layer.
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Figure 4.2. The transmittance (T%) spectra for the ZnPc, Bi>Os; and Bi>Os/ZnPc thin film.
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Figure 4.3. The transmittance (T%) spectra for Bi,Os thin films.
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Figure 4.4. The transmittance (T%) spectra for Bi.Osz / ZnPc thin films.

It's obvious from the previous figures that a high transmittance reaching about 70% at
400 nm for sample of thickness 100 nm film. The transmittance increased with
increasing A in the ultra violet region. The thinner the film, the more settled the
energy in the region above A=400 nm. For the Bi>Os/ZnPc films, the thinner the film,

the more resemble for the ZnPc behavior.

The reflectance spectra of ZnPc, Bi2Oz, Bi.Os/ZnPc thin films are illustrated in Figure
4.5. As it is obvious from the Figure, the ZnPc spectra showed five peaks at different
wavelengths values, the maximum peak value of about 9.5% is observed at 700 nm.
The other peaks read a value of 7.0% and 6.5% at 380 and 635 nm, respectively.
Furthermore, the reflectance spectra of Bi.Oz thin film show two peaks at different

wavelengths values. The maximum peak value of about 12.1% at 392 nm.
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Figure 4.5. The reflectance spectra of ZnPc, Bi»O3z (214 nm), and Bi,Os/ZnPc thin films.

The reflectance spectra of Bi,O3/ZnPc thin film which are illustrated in the Figure
also showed five peaks at different wavelengths values, two maximum peak value of
about 9.5% and 10.0% at 500 and 720 nm, respectively. The other peaks read a value
of 630 nm. The presence of the peaks at the R spectra is arise from the interfering of

waves arriving at film surface and ones reflected from the bottom of the thin films.

Considering the reflectance of Bi>Os thin films with different thickness shown in
Figure 4.6, the Bi-Os thin films showed red shift with increasing the reflectance by
growing the thickness of the layer. Two peaks at different wavelength values were
observed in the spectra, the maximum peak value was about 12.0% at 400 nm. Figure
4.7 also showed five peaks at different wavelength values with two maximum peaks.

Five different peaks at different wavelengths values were observed in the spectra.
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Fig. 4.6. The reflectance spectra of Bi»Os films.
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Fig. 4.7. The reflectance spectra of Bi»Os/ZnPc films.
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The measured T% and R% spectra are appointed to calculate the absorption
coefficients spectra (o) which were calculated with the mentioned equations in
chapter two. The absorption coefficient spectra (o) for Bi.O3, ZnPc and Bi>Os/ZnPc

thin films are displayed in Figure 4.8.
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Figure. 4.8. The a—E spectra for Bi»03(214nm), ZnPc and Bi,Oz/ZnPc thin films.

As the figure displayed, the absorption coefficient spectra of both ZnPc and
Bi20s/ZnPc films show the same manner with an increase in the values of absorption
coefficient for the ZnPc film in all the ranges of incident light wavelength as a result
of coating the Bi.O3 film with the ZnPc layer. It means that the Bi»Os; atoms have
considerably altered the electronic transitions of films. The noticeable increasing in
light absorbability in the energy range between 1.4-1.8 eV for both ZnPc and
Bi203/ZnPc films results from the interband transitions. The interbands are usually

assigned to inhomogeneities and defects which exist in the films [59]. The amorphous
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nature of the ZnPc layer deposited onto glass substrate makes such types of transitions
favorable [60]. On the other hand, the noticeable decrease in light absorbability in the
energy range between 1.9-2.5 eV for both ZnPc and Bi>Os/ZnPc films probably due
to the free carrier absorption that comes from the existence of lattice distortion [61],

free holes and electrons [62] and transitions of carriers between conduction and

valence bands [63].

The « —spectra of Bi:Os film showed a different behavior from ZnPc and
Bi2O3/ZnPc. Its absorption coefficient decreases with increasing incident photon
energy (E) until reaching 2.30eV. In the region above 2.30 eV, the o —spectra of

Bi>03 exhibits increasing trends of variation with increasing photon energy.
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Figure. 4.9. The a—E spectra for Bi»Os/ZnPc thin films.

The a —spectra of the Bi.Oz/ZnPc films showed that the absorption coefficient values
decrease with increasing the thickness of the Bi»Oz film which may be appointed to

the indirect photon transitions involvement when the thickness increased. It can also
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be assigned to the increasing of the surface roughness upon increasing the thickness.
The scattering becomes larger with increasing the roughness of the film surface,

which in turn results in less ability of light absorption [64].

The optical absorption which is based on the difference between the incident photon
and the band gap energy gives us information about the energy band gap by applying

Tauc’s equation [65]
(W)™ o (E — Eg) (4.1)

The substitution of p =1/2, 2, 3, 3/2 for direct allowed, indirect allowed, direct
forbidden and indirect forbidden transitions, respectively. Then graphing of (aE)?,
(aE) *2, (aE)*® and (aE)?? versus E have shown that that the graph of (aE)? provides
the most suitable linear fitting of the previous equation. The values of the band gaps
were determined from the values of intercepting of the most suitable plots. The (aE)?

— E variations is shown in Figure 4.10.

As the figure show, the indirect electronic allowed transition is the most appropriate
one, because it linearize most of the experimental data. The E-axis crossing for the
Bi20s3, ZnPc and Bi>Os/ZnPc absorption coefficient spectra reveal energy band gap
values of 2.90 eV, 2.90 eV and 2.15 eV, respectively. The value of the indirect energy
bandgap for the Bi-Os matches with the value of 2.85 eV reported for orthorhombic
Bi20Os in the handbook of semiconductors [66]. Furthermore, ZnPc is determined to

have an indirect band gap of 2.90 eV similar to the value we specified [67].

Recalling that the electron affinity in Bi.Oz is 4.8 eV and that of ZnPc is 3.34 eV,
then the conduction band offset is 1.46 eV. Since the band gaps are well aligned then
the valance band offset is AEy = AE;— AE. = 1.4 eV. Symmetrical band offsets are

obtained for this heterojunction device
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The effective dielectric constant (eefr) is also determined with the help of T, R and «
spectral data. The real part of the dielectric constant (/) was calculated from &t and

plotted in Figure. 4.11.

The dielectric constant spectra and the reflectance spectra has shown the same

behavior. While the Bi.O3/ZnPc included four peaks in its spectra.
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Figure. 4.11: The real part of dielectric constant for Bi»Os/ZnPc thin films.

For the Bi2Os/ZnPc thin film, the new peak (2.48 eV) is assigned to the optical
bandgap of Bi»Os [68]. While the fourth peak (3.72 eV), the direct band gap for ZnO

[69]. Formation of ZnO layer is due to the weaking of the Bi-O bonds.

Figure 4.12 shows the imaginary part spectra for Bi.Os/ZnPc interfaces. The spectra
display a peak centered at 0.52 eV, followed by smooth decay. In the ultraviolet range
of light, the imaginary part spectra. The imaginary part provides information about the
optical conductivity of the proposed interface. The optical conductivity gain
importance as it is the key for using Bi>Os/ZnPc as optical receivers. Substituting the
effective mass value as 0.65 mo (m* = (1/ Mn znpe +1/ Me Bi203)?, it was possible to
determine the values of the plasmon frequency, the free charge carrier density, the

drift mobility and the oscillator energy.
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Figure 4.12 The imaginary part of the dielectric spectra for Bi»Os/ZnPc thin films

The results are shown in table 4.4. In accordance with the table except for the ultra
violet oscillator which is dominate at 4.07 eV. All other oscillators display
comparable values of plasmon frequency (2.55-2.33 GHz) regardless of the value of t
and P. This value means waves of frequency larger than (2.33-2.55GHz) can pass
while those of lower frequency are rejected. On the other hand, when excited with UV

led light the plasmon frequency can reach 4.66 GHz.

In general, the features of the Bi.Os/ZnPc nominate it for use in optical

communications.

In order to understand and discover information about the Plasmon-electron
interaction in the Bi»O3/ZnPc thin film and its composers, the imaginary part of the
dielectric constant spectra is modeled in accordance with Drude-Lorantz approach

through the relation [70],
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k W Zpei W (4 2)
S. = .
o Zi:1 (W2 —w?)?2 + w2t 72)

Where, k is the number of dominant linear oscillators, w = 2rf is the angular

frequency of the incident light, w, = \/4mne?/m" is the electron bounded Plasmon
frequency, w, is the reduced resonant frequency. m* is the free carrier effective mass,
n is the free electron density and 7 is the average scattering time and represents the
inverse of the damping coefficient. The free-carrier mobility is also determined by the
formula p = et/m*. The experimental data was reproduced by fitting the Equation
(4.2) through inserting the value of the effective masses as 15 mgq [71] and 0.68 m,
[72], for p-ZnPc and n-Bi.Os, respectively. The effective mass of the BiOs/ZnPc
double layers was estimated to be 0.65 m. The black colored curve which represents
the theoretical fitting data of the =;,,, spectra is illustrated in Figure 4.13. The figure
indicates that the experimental data values of imaginary dielectric constant are
significantly consistence with the fitted ones. The fitting parameters are tabulated in
Table 4.4. The scattering time (t) for the double junction for the first oscillator (t 1)
was 1.0 fs, when we reached the last oscillators (t 6) it becomes 0.8 fs. In addition,
increasing the oscillator energy (hw,) increases the kinetic energy of electrons which
intern enhances the scattering mechanism setting the electrons free. Thus, shorter
scattering time and Frier electrons are achieved. Moreover, the drift mobility
decreased as the number of oscillation increased; this is probably because the number
of electrons that can drift in the direction of the propagation decreased. The higher the
number of free electrons, the less the drift mobility and the larger the Plasmon

frequency. The bounded Plasmon frequency (wpez) is the cut off frequency in which
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all frequencies are less than the Plasmon frequency will reject and all frequencies

greater than the Plasmon frequency will transmit,
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Figure 4.13 The imaginary part of the dielectric spectra for Bi.O3 (214 nm)/ZnPc(500 nm) thin film.

The black colored plots represent the fitting which is achieved by Eqn. (4.1).

Table 4.4 The optical conduction parameteres for electron-plasmon interactions at the Bi,Os/ZnPc

interface.

k 1 2 3 4 5
1(fs) 1.0 1.7 0.6 0.6 0.8
Ee (eV) 0.98 1.77 2.36 3.61 4.07
p (x10'° cm3) 1.2 1.0 1.2 1.0 4.0
op (GHz) 2.55 2.33 2.55 2.33 4.66

u (cm?/Vs) 2.70 4.60 1.62 1.62 2.16
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Chapter Five

Conclusion

In the current work we have fabricated a new class of heterojunctions that can
perform as an optoelectronic device. The device which is prepared by the thermal
evaporation technique under a vacuum pressure of 10 mbar is composed of stacked
layers of BioOs and ZnPc thin films. The effect of Bi.O3 substrates on the performance
of the device is also explored. Various characterization techniques including X-ray
diffraction and optical spectrophotometry were employed. It is observed that Bi>Os
substrates induces the crystallization of ZnPc. The crystallinity of Bi.Oz is also
improved when coated with ZnPc optically transmittance and reflectance spectra of
ZnPc are modulated by the substrates thickness. Particularly, thicker films result in
less transmittance in narrower transmission edge and larger reflectance. In addition,
deep analyses of the absorption coefficient spectra shown that the interfaces exhibit
free carrier absorption phenomena in the visible range of light. The infrared range is
associated with interband transitions. It is also noted that the light absorption in ZnPc
is increased when coated onto Bi.Oz. Moreover, the prepared interfaces showed
enhanced dielectric properties nominating the device for use as dielectric resonators.
The computed optical conductivity parameter for Bi.O3z /ZnPc interfaces are found to
be suitable for optical receiver applications. However, the computed data also
suggests that future works must be carried out to enhance the drift mobility value in
Bi20s/2npc so that it fit well with this film transistor technology. Some of those works

could be post annealing and plasma etching.
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Ladldl

Gligds (S 35k (e Ao siadll dwilaiall e 3 5eal) Aulja Cadd da g kY1 o
ol i el Calis a3 (ZNPE) Cntbane sl i35 BiaOg e 5l ga sl (1
da ) Jaria a (g )l all

LGN Lalill e 32l BipO3 / ZnPc 5 ZnPc 5 BizO3 4wl 5 )b e 104
MUS . ZNPe sl A gam @l axie BiO3 e ZnPe ¢34 o aa gl 4 puall
& ZnPe 3 damiaall sl 6 e Wl KU saaeie Ak <) GiieaSal ikl
Aol gl JalSs il g el Al Jaass
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