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Abstract

In this study the effect of iron doping on zinc oxide nanoparticles was investigated for
optoelectronic application. Zinc oxide thin films were grown on microscopic glass slides using
spin coater by varying the iron concentration by 1%, 3%, 5% and 10% and calcinating all the
samples at 500 °c for 2 hours. The XRD analysis showed the formation of polycrystalline zinc
oxide thin films with hexagonal wurtzite structure. The lattice constants and grain size were
observed to decrease while the lattice defects increased up on increasing the iron concentration.
Optical analysis done using UV-Vis and photoluminescence spectroscopy revealed enhanced
visible light absoption and emission behavior of the doped ZnO thin films compared to the
undoped ZnO thin film. The energy band gap also decreased from 3.29 eV for the undoped thin
film to 3.25 eV for 3% iron doped thin film. Increased iron concentration beyond 3% was
observed to impart blue light absorption ability to the thin films due to increased effect of deep
levels of the oxygen vacancies. The emission spectra of the samples were observed to red shift
revealing non-radiative energy loses due to lattice vibration. The Hall measurement results
indicated that all films had good electron conductivity and mobility which make them useful for
optoelectronic devices. Considering the results from all measurement, the thin film with 3% iron
was found to be optimal for optoelectronic application due to its relatively lower defects, visible

light absorption as well as good electron conductivity and mobility.



1. Introduction

1.1 Background of the Study

Zinc oxide, a well-known piezoelectric and electro-optic material with wide direct band gap (3.37
eV) and large exciton binding energy (60 meV) (Srikant & Clarke, 1998), is now being considered
as a potential material for a wide range of applications such as optoelectronic and luminescent
devices as well as chemical sensors. Extensive studies have been carried out to modify the
properties of ZnO for different applications (Muslih & Munir, 2004). For example, a variety of
elements have been proposed to be incorporated in to ZnO intentionally to manipulate the optical
and electrical properties of the ZnO host. The band gap of ZnO could be increased or reduced by
doping with Mg or Cd (Kaphle et al., 2004), respectively. Transparent conductive ZnO films with
low resistivity as well as high visible transmittance could be realized by doping with the elements
Al, Ga and In (Pradeev et al., 2007).

The transition metal (TM) doped ZnO has been identified as a promising one, because the host
material, ZnO, is a chemically and thermally stable n-type 1I-VI compound semiconductor with a
wide band gap energy (3.37 eV) and a large exciton binding energy (60 meV). During the past
years, transition metals have been doped into the ZnO lattice to modulate the local electronic
structure and cause dramatic changes in their optical and electromagnetic properties. Until recently,
most studies have been focused on the fabrication of Co- or Mn-doped ZnO systems as well as
modification of their structural, optical and magnetic properties (Magar et al., 2009). However,

relatively little attention has been paid to Fe-doped ZnO films.

So far, ZnO-based thin films have been prepared by many different techniques based on vacuum
deposition and solution-based processes. While physical methods are capable of producing high-
quality and single-crystalline nanostructures, these processes run into some deterrents notably high
temperature synthesis, ultra-high vacuum in some cases, and other restrictions in terms of sample
uniformity, substrate choice, and low product yield (Kripal et al., 2011). On the contrary, the
chemical processes do not undergo these drawbacks and are capable of producing unconventional

shapes and structures. A wide variety of chemical methods have been reported in the literature such



as chemical bath deposition (CBD), electro-deposition, hydrothermal, spray pyrolysis, spin coating,

ultrasonic spray pyrolysis and co-precipitation method.

Several works have been done on modifying some important properties of zinc oxide
semiconductor. Cheng and Ma (2009) synthesized a series of Zn;Fe,O thin films with the atomic
fraction, x, in the range of 0.011-0.20 on Al,Os substrates at 400°C by magnetron co-sputtering
technique. They performed systematic study on structural, optical and magnetic properties of the
film as a function of Fe concentration. The XRD analysis showed that only single ZnO wurtzite
phase with (002) preferential orientation was observed, suggesting that the Fe-doped ZnQO thin films
retained the same crystalline structure and high c-axis orientation as the undoped ZnO films (Cheng
& Ma, 2009). With increasing Fe concentration, x, in the films the clear shifts of the (002) peaks to
higher angles were observed. This phenomenon indicates a reduction in the lattice constant with Fe
doping, which is expected as smaller Fe ions are incorporated into the Zn sites of the ZnO lattice

without changing the wurtzite structure.

According to Pearton et al. (2007), the UV-visible characterization of iron doped zinc oxide,
synthesized through sol-gel method, showed that as Fe concentration was increased, the optical
band gap shifted slightly to lower energies than that of the pure ZnO films and also the peak
intensity of the UV emission increased, whereas the visible emission intensity decreased. They also
found that doping zinc oxide with iron resulted in ferromagnetism in the semiconductor which

increased with increasing iron concentration.

Srinivasulu et al. (2017) carried out XRD analysis of pure and Fe-doped ZnO thin films deposited
by chemical spray pyrolysis. All the films showed peaks similar to pure ZnO, which indicated that
no structural deformation occurred in ZnO lattice upon Fe-doping. A change in the preferred
orientation from (002) to (101) plane was noticed while increasing the doping concentration > 2 %
that might be due to the presence of high Fe content in the films. It was also observed from the
XRD patterns that the intensity of peaks was low at lower doping concentration < 2 % and then

increased.

Limaye et al. (2011) reported that the SEM characterization of lightly doped ZnO films showed a
rough surface topography with tiny grains distributed over the smooth background. However, with

increase of Fe-doping concentration, the grains were unevenly distributed with coarseness and



agglomeration of grains occurred due to the clustering of initial nuclei that led to formation of a
compact film surface. Their UV-visible characterization showed that the undoped ZnO films had
medium optical transmittance (> 70%) while the Fe-doped ZnO films with lower dopant
concentration (< 2 %) exhibited slightly high optical transmittance (> 80%) than films with higher

doping concentration (> 2 %) of iron.

The variation in the optical transmittance of the films in the visible region corresponds to the
changes in both the crystalline quality and surface roughness of the films on Fe-doping. The
evaluated band gaps were 3.24 eV, 3.28 eV, 3.26 eV, 3.13 eV and 3.01 eV for ZnO thin films with
Fe concentration of 0%, 1%, 2%, 4% and 6 %, respectively (Limaye et al. (2011).

1.2 Statement of the problem

There have been few studies carried out on iron doped zinc oxide thin films as most studies are
focused on doping zinc oxide with magnesium (Mg), aluminum (Al), cobalt (Co) or cadmium (Cd).
Thus, the main issue that is intended to be addressed in this study is investigation of effect of iron
on the electrical and optical properties of the zinc oxide thin films. Moreover, zinc oxide in its
undoped form has the ability to absorb and emit only ultraviolet radiation in its band to band
transitions. As a result it is only used in applications that require absorption or emission of UV
radiations like in body lotions intended in protecting the skin from harmful UV radiation and in
some cases in lasers that produce UV light. But it will be almost useless in applications that involve
absorption or emission of radiations in lower energy spectrum such as visible or infrared regions.
As a result the energy gap of zinc oxide needs to be reduced by introducing impurity states in order

to make it useful in several other applications.

1.3 Significances of the study

The significance of this study is that it enables us to understand how iron modifies the optical and
electrical properties of zinc oxide nanoparticles which in turn enable us to use these modifications
to various applications. For instance introduction of iron in to zinc oxide results in the reduction of
the energy band gap which makes it ideal for applications like photocatalyst and solar cells. Studies
have reported the influence of iron doping in the structure of ZnO, revealing significant
improvements in results with the metal addition, in applications such as photocatalysis and gas

sensors. Iron is the most important dopant for ZnO because of its compatibility with Zn®* ion, due to

3



its abundance and low cost, as well as its non-toxicity, which maintains the biocompatibility of ZnO

particles, and also its ability to impart ferromagnetism to ZnO.

1.4 Objectives of the study

1.4.1 General objective
The general objective of this research is to study the electrical and optical properties of iron doped

zinc oxide thin films grown by spin coating method for the use in optoelectronic devices.

1.4.2 Specific Objectives

The specific objectives of this study are to:

e synthesize pure and iron doped zinc oxide thin films using spin coating method,

e characterize the thin films using X-ray diffraction (XRD), photoluminescence (PL) and UV-
visible spectroscopy,

e investigate the conductivities of the thin films using the result from Hall Effect

measurements.



2. Literature Review

2.1 Structure and Properties of Zinc Oxide Nanoparticles

Zinc oxide, a well-known piezoelectric and electro-optic material with wide direct band gap (3.37
eV) and large exciton binding energy (60 meV), is now being considered as a potential material for
a wide range of applications such as optoelectronic and luminescent devices as well as chemical

Sensors.

Generally, Zinc oxide crystallizes in two main forms, hexagonal wurtzite and cubic zinc blende as
shown in Figure 1 (a) and (b). The wurtzite structure is most stable at environmental conditions and
thus it is most common. The lattice constants of hexagonal wurtzite structure are a = b = 3.25A
and ¢ = 5.2 A (Alver et al., 2007). By growing ZnO on substrates with cubic lattice structure, the
zinc blende form can be stabilized. The lattice constant of ZnO in zinc blend structure is a = b =
c = 5.41 A (Hasanpoor et al., 2016). In both structures, the zinc and oxide centers are tetrahedral,
which is the most characteristic structural geometry for zinc (Zn). In hexagonal and zinc blende
polymorphs, there is no inversion symmetry, it means reflection of the crystals relative to any point
do not alter it into itself. Other lattice symmetric properties consequence in piezo- and pyro-electric
properties of hexagonal and zinc blende structures (Zegadi et al., 2015). Zinc Oxide nanoparticles

have unique properties, which are summarized in table 1.

Figure 1: ZnO (a) hexagonal wurtzite and (b) zinc blende structures (Alver et al., 2007).



Table 1: Basic Properties of Zinc Oxide nanoparticles (Alver et al., 2007).

1  Appearance White solid

2  Odor Odorless

3 Molecular Weight 81.38 g/mol

4  Most Common Crystal Structure Wurtzite

5 Coordination Geometry Tetrahedral

6 Lattice Constants a=3254,c=524
7 Band Gap 3.37eV

8  Solubility in water 0.0004 % (17.8 %)
9 Refractive Index (uD) 2.0041

10 Density 5.606 g/cm®

11 Melting Point 1975 %

12 Flash Point 1436 °c

2.2 Doping of Zinc Oxide

Doping is the intentional introduction of impurities into an intrinsic semiconductor for the purpose
of modulating its electrical, optical and structural properties. The doped material is referred to as an
extrinsic semiconductor. A semiconductor doped to such high levels that it acts more like a

conductor than a semiconductor is referred to as a degenerate semiconductor.

ZnO has a strong potential for various short-wavelength optoelectronic device applications. In order
to attain the potential offered by ZnO, both high-quality n- and p-type ZnO are indispensable.
However, difficulty in bipolar carrier doping (n and p-types) is a major obstacle as seen in other
wide band gap semiconductors such as GaN and 11-VI compound semiconductors including ZnS,
ZnSe, and ZnTe (Reddy et al., 2012). Unipolar doping has not been a surprising issue in wide-band-
gap semiconductors: ZnO, GaN, ZnS, and ZnSe are easily doped to n-type, while p-type doping is
difficult. The situation is opposite for ZnTe where p-type doping is easily obtained, while n-type
doping is difficult (Saleh et al., 2012).



2.2.1 n-type doping

ZnO with a wurtzite structure is naturally an n-type semiconductor because of the presence of
intrinsic defects such as O vacancies (Vo) and Zn interstitials (Zn;) (Sato & Katayama, 2001).
Undoped ZnO shows intrinsic n-type conductivity with very high electron densities of about 10%
cm (Singhal et al., 2008). Although it is experimentally known that unintentionally doped ZnO is
n-type, whether the donors are Zn; or Vo is still controversial. The first-principles study suggested
that none of the native defects show high concentration shallow donor characteristics. However,
some studies have suggested that Zn; rather than Vo is the dominant native shallow donor in ZnO
with an ionization energy of about 30-50 meV (Smith & Nie, 2010). It has also been suggested that
the n-type conductivity of unintentionally doped ZnO films could be due to hydrogen atoms (H)
which act as a shallow donor with ionization energy about 30 meV. This assumption is valid since
hydrogen is always present in all growth methods and can easily diffuse into ZnO in large amounts

due to its large mobility.

n-type doping of ZnO is relatively easy compared to p-type doping. Group-1ll elements Al, Ga, and
In as substitutional elements for Zn and group-VII elements Cl and | as substitutional elements for
O can be used as n-type dopants. Iron is also another element that can be used to obtain n-type zinc
oxide. Doping with Al, Ga, and In has been attempted by many groups, resulting in high-quality,
highly conductive n-type ZnO films (Maldonado et al., 2001). Such films are successfully used in
various applications as n-type layers in light emitting diodes as well as transparent Ohmic contacts.

2.2.2 p-type Doping

As mentioned repeatedly it is very difficult to obtain p-type doping in wide band gap
semiconductors, such as GaN and ZnSe. The difficulties can arise from a variety of
causes. Dopants may be compensated by low energy native defects, such as Zn; or Vo, or
background impurities like hydrogen (Smith & Nie, 2010). Low solubility of the dopant in the host
material is also another possibility. Deep impurity level can also be a source of doping problem,
causing significant resistance to the formation of shallow acceptor level. Known acceptors in ZnO
include group-I elements such as Li, Na, and K, Cu, Ag, Zn vacancies, and group-V elements such
as N, P, and As (Mishra & Das, 2010). However, many of these form deep acceptors and do not

contribute significantly to p-type conduction. It has been believed that the most promising dopants



for p-type ZnO are the group-V elements, although theory suggests some difficulty in achieving

shallow acceptor level.
2.3 Zinc oxide for optoelectronic Devices

Optoelectronics (or optronics) is the study and application of electronic devices and systems that
source, detect and control light, usually considered as a sub-field of photonics (Zhang et al., 2013).
In this context, light often includes invisible forms of radiation such as gamma, x-ray, ultraviolet
and infrared radiations, in addition to visible light. Optoelectronic devices are electrical to optical or
optical to electrical transducers (Shinde et al., 2012). Some examples of optoelectronic devices are
photodiodes, phototransistors, photomultipliers, photoresistors, light emitting diodes (LEDs) and
solar cells.

Gallim nitride (GaN) is used as the major source for blue lasers since the mid-1990s (Mittiga et al.,
2006). It is also used extensively in fabricating devices like piezoelectric and waveguide devices,
light emitting diodes and photodetectors. However, ZnO has emerged as a possible competitor in
opto electronic applications as the structure and the band gap of zinc oxide prove promising for
these applications. Studies have proved that ZnO could be used as the substrate for GaN films as
both the materials share the same structure. The exciton binding energy, the important property for
any optical device like LEDs and lasers is 60 meV in ZnO, which is 2.4 times that of GaN (Gao et
al., 2012; Raksa et al., 2009). This is the reason why ZnO is considered as a prospective candidate
for these devices. Apart from these optical properties, ZnO has some interesting physical properties
that have made it more attractive in this field. With a melting point of 2000 °C, it is sufficiently
stable at high temperatures (Conibeer, 2007). This is an important requirement during doping and
formation of ohmic contacts. The higher hardness, resistance to mechanical stress and high melting
point temperature of a material also expand the lifetime of LEDs and blue laser diodes. Therefore,
ZnO as a potential wide band gap material can be used in short wavelength light emitting devices
such as light emitting diodes, photodetectors, electroluminescence devices and the next generation

of UV semiconductor lasers (Lopez et al., 2011).



2.4 Methods of thin film deposition

There are various methods to synthesize thin film semiconductor on a substrate. These methods
include, Solution processing (Spin coating and dip coating), Vapor deposition (Chemical and
Physical), molecular Beam epitaxy, magnetron co-sputtering and chemical spray pyrolysis methods
(Wadia et al., 2009). Here only spin-coating method will be discussed as it is this technique that has
been employed in this study.

2.4.1 Spin Coating Method

Spin coating has been used for several decades for the application of thin films. A typical process
involves depositing a small puddle of a fluid resin onto the center of a substrate and then spinning
the substrate at high speed (typically around 3000 rpm) (Ashour et al., 2006). Centrifugal force
causes the resin to spread to, and eventually off, the edge of the substrate leaving a thin film of resin
on the surface. Final film thickness and other properties will depend on the nature of the resin
(viscosity, drying rate, percent solids, surface tension, etc.) and the parameters chosen for the spin
process. Factors such as final rotational speed, acceleration, and fume exhaust contribute to how the

properties of coated films are defined (Monticone & Alexis, 1998; Fardousi et al., 2013).

A typical spin process consists of a dispense step in
which the resin fluid is deposited onto the substrate I

surface, a high speed spin step to thin the fluid, and

a drying step to eliminate excess solvents from the

resulting film. Two common methods of dispense \/
are Static dispense, and Dynamic dispense (Ferdaus
et al., 2014). Static dispense is simply depositing a (

small puddle of fluid on or near the center of the

substrate. This can range from 1 to 10 cm?®
depending on the viscosity of the fluid and the size
of the substrate to be coated. Higher viscosity and

or larger substrates typically require a larger puddle

to ensure full coverage of the substrate during the

high speed spin step. Figure 2: Spin coating method (Ferdaus et al., 2014).



Dynamic dispense is the process of dispensing while the substrate is turning at low speed. A speed
of about 500 rpm is commonly used during this step of the process (Scriven, 2002). This serves to
spread the fluid over the substrate and can result in less waste of resin material since it is usually not
necessary to deposit as much to wet the entire surface of the substrate. This is a particularly
advantageous method when the fluid or substrate itself has poor wetting abilities and can eliminate
voids that may otherwise form. After the dispense step it is common to accelerate to a relatively
high speed to thin the fluid to near its final desired thickness. Typical spin speeds for this step range
from 1500-6000 rpm, again depending on the properties of the fluid as well as the substrate
(Manikandan, 2015). This step can take from 10 seconds to several minutes. The combination of

spin speed and time selected for this step will generally define the final film thickness.
2.5 Methods of Characterization
2.5.1 X-ray Diffraction (XRD)

X-ray crystallography (XRC) is the experimental science determining the atomic and molecular
structure of a crystal, in which the crystalline structure causes a beam of incident X-rays to diffract
into many specific directions (Alaa et al., 2017). By measuring the angles and intensities of these
diffracted beams, a crystallographer can produce a three-dimensional picture of the density of
electrons within the crystal. From this electron density, the mean positions of the atoms in the
crystal can be determined, as well as their chemical bonds, their crystallographic disorder, and

various other information (Brindley & Brown, 1980).

According to Bragg, diffraction occurs when radiation (with a wavelength comparable to atomic
spacing) is scattered in a specular fashion by the atoms of a crystalline system, and undergoes
constructive interference (Causin et al., 2010; Connolly, 2007). For a crystalline solid, the waves
are scattered from lattice planes separated by the interplanar distance d. When the scattered waves
interfere constructively, they remain in phase since the difference between the path lengths of the
two waves is equal to an integer multiple of the wavelength. The path difference between two
waves undergoing interference is given by 2d sin 8, where 6 is the diffraction angle. This leads to
Bragg’s law, which describes the condition on 6 for the constructive interference to be at its

strongest. Bragg’s law is given as (Cullity, 1978):
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2d sin 6 = nAi, (2.1)

Figure 3: Bragg’s law.

X-ray crystallography is still the primary method for characterizing the atomic structure of new
materials and in discerning materials that appear similar by other experiments. X-ray crystal
structures can also account for unusual electronic or elastic properties of a material, shed light on
chemical interactions and processes, or serve as the basis for designing pharmaceuticals against
diseases (Du et al., 2009). In a single-crystal X-ray diffraction measurement, a crystal is mounted
on a goniometer. The goniometer is used to position the crystal at selected orientations. The crystal
is illuminated with a finely focused monochromatic beam of X-rays, producing a diffraction pattern
of regularly spaced spots known as reflections. The two-dimensional images taken at different
orientations are converted into a three-dimensional model of the density of electrons within the
crystal using the mathematical method of Fourier transforms, combined with chemical data known
for the sample (Eckardt et al., 2012). Poor resolution (fuzziness) or even errors may result if the
crystals are too small, or not uniform enough in their internal makeup. From XRD one can calculate

the grain size using Scherrar’s formula (Patterson, 1939).

o _ 0912 2
~ Bcos@’ '
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where 1 is the wavelength of X-ray, 6 is the Bragg‘s angle in degree and £ is the full width at half
maximum in radians. The lattice constants a and c of a hexagonal crystal structure are related by

the following formula (Patterson, 1939):

1 2 -
a_\/§sin9' €T sing 23)

From a given XRD data one can also determine the dislocation density (&) in lines/m? and lattice

strain (&) from the equations given bellow which tell us about the extent of the deformation caused
by the dopants in the crystal structure and the mismatch between the polycrystalline film and the

glass substrate respectively (Shakti & Gupta, 2010).

1 B cos @
= = 2.4
0 =53 £ R (2.4)

2.5.2 UV-Visible Spectroscopy

UV-Visible absorption spectroscopy is the measurement of the attenuation of a beam of light after it
passes through a sample or after reflection from a sample surface (Perkampus, 2013). Absorption
measurement can be done at a single wavelength (using monochromatic light) or over an extended
spectra range. The principle of UV-Visible spectroscopy is based on the absorption of UV light or
visible light by chemical compounds, which result in the production of distinct spectra.
Spectroscopy is based on the interaction between light and matter. When the matter absorbs light, it
undergoes excitation and de-excitation, resulting in the production of a spectrum of light (Brown &
Palmer, 2009). When matter absorbs ultraviolet radiation, the electrons in it undergo excitation.

This causes them to jump from a ground state to an excited state.

Visible and ultraviolet lights are energetic enough to promote outer electrons to higher energy
levels and UV-Vis spectroscopy is used to find the absorbance, energy band gaps and intensity over
wave length of molecules or inorganic complexes in solution (Giusti & Wrolstad, 2001). The UV-
Vis spectra have broad features that are of limited use for sample identification but are very useful
for quantitative measurements. The concentration of sample solution can be determined by
measuring the absorbance at some wavelength. The Beer-Lambert law states that the absorbance of
a solution is directly proportional to the concentration of the solution. This relation can be
expressed as (Kutty, 2004):
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I =Ie %, (2.5)
where « is the measured absorption coefficient, [, is the intensity of the incident light at a given
wavelength and I is the detected intensity at depth x. @ = &c, where ¢ is molar absorptivity and c is
concentration of the solution. The optical absorption coefficient can also be determined based on its
dependence on the energy band gap(E,). The energy band gap of the sample is obtained by using
the absorption edge relation (Monticone & Alexsis, 1999).

E = hC 1,240 v
T T
where h is planck’s constant and C is the speed of light. For photon energies just above fundamental

(2.6)

edge, the absorption coefficient follows the standard relation (Kutty, 2004):

4tk
ahv = A(hv — Eg)n, a = %,

where A is a constant related to the extent of the band tailing, k represents the imaginary part of the

(2.7)

refractive index, hv is photon energy, E, is energy band gap which is the energy gap between the

valence band and the conduction band and the value of n is 1/2 for allowed direct transition and 2

for allowed indirect transition.

In addition to determining the energy band gap and absorbance of thin films, UV-Visible
spectroscopy can be used to determine the thickness of thin films using Swaneopeol method which

uses the equation (Monticone & Alexsis, 1999):

Y
2(Any — A;ny)’

where t is thickness, A; and A, are wavelengths of two successive peaks in the transmittance versus

(2.8)

wavelength graph and n, and n, are refractive indices at A, and A; respectively. The refractive

indices can be obtained using equation:

n=[N+(N?- 52)%]%, (2.9)

where
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(2.10)

Ty — Tm) s2+1
Ty Tm 2
Ty, and T, are upper and lower bounds of the enveloped transmittance versus wavelength graph

N=25(

while s is a constant having a value of 1.51.

2.5.3 Photoluminescence (PL) Spectroscopy

Photoluminescence (PL) spectroscopy is a non-

excited
destructive analytical technique in which a material e
is illuminated with light, usually from a laser, and nonradiative
the resulting luminescence is recorded as a plot of . relaxation
. o : : conduction
emitted light intensity versus wavelength (Heiman, —%— band
2004; Kurbanov et al., 2010). Photoluminescence, excitation
)
the emission of visible light, occurs when an energy . Photon =
N\NAN> S
source (laser, UV lamp, etc.) knocks an electron out o A A
@ | |luminescence
of its stable “ground” state and elevates it to an E photon
“excited” state. As the electron returns to its ground =
state, energy is released, much of it in the form of
. . . - 2 e e eeeeady Vaence
visible light as depicted in Figure 4. In almost all PP L LSS LS band
A A A A AL
cases, the emitted light is of a lower energy in the electrons

electromagnetic spectrum than the original light Figure 4: Principle of Photoluminescence Spectroscopy.

from the energy source (Reynolds et al., 1998). Since wavelength and energy are inversely
proportional, a lower energy always translates to a higher wavelength. Therefore, PL spectra always
encompass a wavelength range that is higher than the wavelength of the excitation source. The

relationship between energy (-eV) and wavelength (-nm) is given in equation (2.6).

2.5.4 Hall Effect Measurement

In 1879 E. H. Hall observed that when an electrical current passes through a sample placed in a
magnetic field, a potential proportional to the current and to the magnetic field is developed across
the material in a direction perpendicular to both the current and to the magnetic field (Hall, 1879).
This effect is known as the Hall Effect, and is the basis of many practical applications and devices

such as magnetic field measurements, and position and motion detectors. With the measurements he
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made, Hall was able to determine for the first time the sign of charge carriers in a conductor. Even
today, Hall Effect measurements continue to be a useful technique for characterizing the electrical
transport properties of metals and semiconductors. Figure 5 shows the working principle of Hall

Effect measurements.

- _ Magnetic -~
m = magnetic field
~— force on B

positive charge

carriers.

A = Wd = electric force
from charge
buildup.

W —=1 This diagram shows the polarity
| that would result from positive
charge carriers, as in some

irection of conventional ;
D semiconductors.

electric current

Figure 5: Principle of Hall Effect (Streetman & Banerjee, 2009).

Let’s assume we applied magnetic field B, in the z-direction on a semiconductor film of thickness
t. If a current I, is flowing in the x-direction inside the film, then the majority carrier density n,,
the drift velocity +,, the carrier mobility u,, and the conductivity o,, of the film can be calculated

from Hall Effect measurement using the following formulas (Hall, 1879).

e = — I, B, o = Iy
0 Vyet’ 27 noewt’ (2.11)
Vq
= — (2.12)
Op = €MNopln, (2.13)

where w is the width of the sample, e is elementary charge, Vy is Hall voltage and E is magnitude

of the electric field.

15



Temperature dependent Hall Effect measurement gives us several important electrical parameters of
thin films as a function of temperature one of which is the majority carrier concentration. The
majority carrier density in n-type semiconductor can be described in terms of the net donor

ionization density, N and the intrinsic carrier density, n; as (Streetman & Banerjee, 2009):

N+ N+2
ng = Td + [n?+ %. (2.14)

The ionization density, N; of the i*" shallow donor is given by (Shura, 2019):
2Ng;

+ _
Ndi_

N, __ /AE, (2.15)
1+ Jl + 4ng#‘?exp(kB‘;,‘)

where Ng; is the density of the i*" shallow donor, AE,; is its activation energy, g4 is the spin
degeneracy at the donor sites (only one parabolic band at the conduction band edge and thus g, =
2) and N, is the effective density of the conduction band state given in terms of the conduction

band effective mass, m,, as (Blakemore, 1987):

2mrmikg Ty >/?
Ne=2(75a) (2.16)
For a system with more than one shallow donors, the net donor ionization density, N is given by

the sum of the densities all the shallow donors in the system (Blakemore, 1998):

NE =) N (2.17)
i

When the value of the majority carrier obtained from the Hall Effect measurements in equation
(2.11) is fitted with the theoretical description in equation (2.14), the dopant densities and the

activation energies of the shallow dopants can be described easily.
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3. Materials and Methods

3.1 Chemicals and Apparatuses

The chemicals used in this study were Zinc nitrate hexahydrate (Zn (NO3),.6H,0), sodium
hydroxide (NaOH), iron nitrate nanohaydrate (Fe(NOs)s;. 9H,0), distilled water, and acetone
(CsHgO). The apparatuses used in the experiment to synthesize thin films were: hot plate with
magnetic stirrer, electronic balance, measuring cylinder, beakers, Oven, furnace, spin coater and
microscopic glass substrate. UV-Visible Spectroscopy, X-ray diffractometer, photoluminescence
spectroscopy and Hall Effect measurement devices have been used to characterize different aspects
of the Fe-doped ZnO thin films.

3.2 Synthesis Procedures

0.5 M aqueous solution of Zn (NO3),.6H,0 was prepared by dissolving 12 gram of Zn (NO3),.6H,0
in 100 ml of distilled water in a beaker under magnetic stirring at 70 °c for 15 minutes. In a separate
beaker, 3 gram of NaOH was dissolved in 50 ml of distilled water under magnetic stirring at 70 °c
for 15 minutes to get 1.5 M solution. The solution of NaOH was slowly poured into the Zn
(NO3),.6H,0 solution showing milky white color and was kept under constant stirring at 70 °c for 1
hour. The PH of the solution was adjusted to 9. The final solution was kept in dark place to avoid

light assisted reaction and was aged for approximately 36 hours.

In another set of reaction 0.0125 M aqueous solution of Fe(NO3)3.9H,0 was prepared by dissolving
0.253 gram of Fe(NO3)3.9H,0 in 50 ml of distilled water under magnetic stirring for 15 minutes at
70 °c. 0.625 M of aqueous solution of Zn (NO3),.6H,0 was prepared by dissolving 18.594 gram Zn
(NO3),.6H,0 in 100 ml of distilled water under magnetic stirring for 15 minutes at 70 °c. The first
solution was slowly poured in to the second under constant stirring and the resulting solution was
stirred for 1 hour at 70 °c. The Fe:Zn ratio was 1%. The PH of the solution was adjusted to 9 and
kept in dark for 36 hours. This process was repeated three more times by dissolving 0.758, 1.263
and 2.53 grams of Fe(NOs)s. 9H,0 in 50 ml of distilled water under magnetic stirring for 15
minutes to obtain 0.0375, 0.0625 and 0.125 M aqueous solutions of Fe(NO3)3.9H,O respectively.
The concentration of Zn (NO3),.6H,0 was kept constant at 0.625 M. The Fe:Zn ratios were 3%, 5%
and 10 %.
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Once the necessary solutions were prepared and aged, microscopic glass substrate were cleaned
using acetone and distilled water in UV sonicator and dried in ovens. The solutions were coated on
the glass substrates using vacuum spin coater at 3000 rpm for 30 seconds. This process was
repeated 10 times with each round being followed by 20 minutes of drying using hot plate to obtain
the desired film thickness and crystal quality. Once the coating was done the obtained thin films

were calcinated at 500 °c for 2 hours.
3.3 Characterization Procedures

The crystal structure of the prepared thin films were studied using XRD (Maxima, Shimazdu
Corporation) with Cu Ka radiation (A = 1.540 A) in 26 range of 10° — 80°. The absorption and
emission spectra of the films were studied using UV-visible (Perkin Elmer Lambda 19) and
Photoluminescence Spectrometer (FLS1000) in the wavelength range of 250-900 nm and 350-600
nm respectively. The PL measurement was done using 330 nm as the excitation wavelength. The
thickness of the samples was calculated using Swaneopeol method. The electrical properties of the
thin films were studied using Hall Effect measurement device. The Hall Effect measurement was
carried out using four probes with equal spacing which were brought in contact with four terminals
constructed from silver paste on the thin films in the Vander Pauw configuration. Two of the probes
fed the thin films with a constant current of 2 mA while the other two probes measured the potential
drop across the films. A constant magnetic field of 0.556 T was used and the temperature was

varied from 170-300 K with a step increment of 10 K.
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4. Results and Discussion

4.1 X-ray Diffraction Analysis

The X-ray diffraction patterns of pure and Fe-doped ZnO films are as shown in Figure 6. It can be

seen that all the grown films were polycrystalline in nature, showing multiple peaks corresponding
to (100), (002), (101), (102), (103), (110), (112), (200) and (201) planes related to the hexagonal
wurtzite crystal structure. All these observed peaks are very well matched with the peaks in the

JCPDS card. Irrespective of doping concentration, all the films showed peaks similar to pure ZnO.

This confirms the successful replacement of Fe ions in Zn lattice sites in the ZnO matrix. An initial

shift in preferred orientation from (101) to (002) plane can be observed in the sample with iron

concentration of 1%. However, the preferred orientation shifted back to (101) plane as the iron

concentration was increased further. This result is slightly in agreement with the result obtained by

Srinivasulu et al. (2017) in which they also observed the preferred orientation shifting from (002) to

(101) as the concentration of iron increased.
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Figure 6: XRD peaks of zinc oxide thin films with different iron concentration of 0%, 1%, 3%, 5% and

10%.

It can also be observed from the XRD patterns that the intensity of peaks for the undoped zinc oxide
film was very high. But, upon the introduction of iron in to it the intensity initially decreased and
then increased as the concentration of the dopant was increased. This variation in peak intensity
directly shows the impact of doping concentration on surface texture of the films. Similar increase
of peak intensity with Fe-doping was observed by Rambu et al. (2013) for Fe-doped ZnO films
deposited by spin coating technique. The intensities of various diffraction peaks are different, which
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indicates that the growth of ZnO in various planes is different and the growth is anisotropic.
Crystalline quality is degraded with the increase of Fe-content in the ZnO films resulting in
decrease of transmittance. The lattice parameters such as lattice constants, grain size, lattice strain
and dislocation densities were evaluated by using the appropriate formulae given in equation (2.2)-

(2.4) as shown in the table below.

Table 2: Lattice parameters of zinc oxide thin films for different iron concentration.

Fe (%) Crystal Plane | Grain Size 5 x 1014 £x1073 Lattice Constants
(ki) (nm) (lines/m?) A)

A C
0 (101) 30.67 10.63 1.18 2.86 4.96
1 (002) 29.88 11.19 1.21 3.01 5.22
3 (101) 26.38 14.37 1.37 2.87 4.97
5 (101) 22.49 19.77 1.60 2.86 4.96
10 (101) 22.47 19.81 1.61 2.84 4.92

As it can be seen in the above table the lattice constants of the thin films increased slightly as the
dopant concentration was increased to 1%. This is due the shift in the preferential plane from (101)
to (002). However the lattice constants decreased as the concentration of iron was increased further.
This is expected because of the misfit in the radii of the Fe™® and Zn*? ions when the replace of the
latter by the former took place. As it is known the radius of Fe** ion is smaller than that of Zn*2.
Thus, when Fe*® ions substitute Zn*? ions in the zinc oxide matrix the lattice constants shrink. A
similar behavior was reported by Mehedi et al. (2014). One can also observe that the grain size
decreased considerably from 30.67 nm to 22.47 nm as the dopant concentration was increased. This

is probably because of the large strain in the films which affects the normal growth of ZnO grains.

Moreover, the dislocation densities and lattice strains generally increased with increasing dopant
concentration which indicates the formation of more and more defects due to addition of increasing
amount of iron. This is because the iron ions added into the zinc oxide matrix don’t always replace
the zinc ions successfully as some of them can be locked in the interstitial places resulting in more

crystal defects and charge imbalance around the dopants. The lowest values of dislocation density
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and lattice strain indicate better crystal quality and less misfits between the substrates and the films.
These values belong to the films with 0% and 1% iron as shown in the above table. Thus the film

with iron concentration of 1% can be taken as optimal film.

4.2 Optical Analysis

The thicknesses of the thin films were found to be 2.496, 2.407, 2.450, 2.449 and 2.350 pum for 0%,
1%, 3%, 5% and 10% iron concentration. The absorbance spectra of the thin films were studied
using the UV-vis spectroscopy and the results were plotted as shown in the Figure 7. From this
figure one can observe that all the films except the undoped one have multiple absorption peaks.
The main peaks at 374 and 380 nm are due to the transition of electrons from the valance to
conduction band. On the other hand the peaks at 440, 443, 445 and 458 nm may correspond to the
excitation of electrons from the valence band to the deep levels of oxygen vacancy. The peaks at
492, 493, 501 and 506 nm may correspond to the transitions of electrons from some impurity states
such as deep acceptor levels to the deep levels of oxygen vacancy. Such multiple peaks were also
obtained by Xiaojuan et al. (2014) at 390, 440, 490 and 523 nm. Moreover, the main peaks of the
films moved toward higher wavelength (from ultraviolate region to visible region) as the iron

concentration was increased from 0% to 10 %.
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Figure 7: Absorbance versus wavelengths graph of zinc oxide thin films with different iron concentration.
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Absorption peak wavelength tells us at what energy electrons in the crystal structure of the
semiconductor undergo transitions from the valence band to the conduction band as well as
impurity levels. According to this study the electrons in the undoped zinc oxide undergo band to
band transitions after they absorb photons with energy in the ultraviolate region of the
electromagnetic spectrum (i.e 374 nm or 3.3 ev). Upon doping zinc oxide with 1% of iron, the main
absorption peak wavelengths did not change because the dopant concentration could have been
small to make any significant change. But, peaks with low intensity appeared due to a possible
excitation of small number of electrons from the valance band to the deep levels as well as from
deep levels to the shallow donor levels. Upon increasing the concentration of iron to 3%, the
density of the shallow donor levels increased and merged with the conduction band. This resulted in

lowering of the conduction band minimum and effectively reducing the energy gap.

At the same time due to the increasing dopant concentration, the density of the deep levels of the
oxygen vacancies increased resulting in more and more electronic transitions from valence band to
the deep levels. This can be seen in the increase of the intensity of the small peaks. When the
dopant concentration was increased to 5% and then to 10%, the density of the deep levels increased
significantly making the electronic transition from the valence band to the deep levels dominant.
This resulted in shift of the main peak of 5% and 10% iron doped zinc oxide thin films to higher
wavelength. Thus, the electrons in the Fe-doped zinc oxide films of 3%, 5% and 10% iron can be
excited from the valence band to the deep levels or the conduction band after absorbing photons
with energy equal to that of violate and blue light.

As shown in Figure 8 the energy gap decreased from the initial value of 3.29 eV for undoped zinc
oxide to 3.25 eV for Fe-doped zinc oxide of 3% iron. Similar decrease in band gap from 3.29 to
3.23 eV with increasing iron concentration was obtained by Cheng and Ma (2009). This decrease in
energy gap can be attributed to the fact that new impurity levels are introduced close to the
conduction band in the energy gap upon doping. When some Fe*? ions substitute Zn*? ions in the
crystal lattice extra electrons are introduced with very small ionization energy. These electrons
introduce impurity levels (which in this case are called shallow donor levels) close to the
conduction band. When the concentration of the dopant increased the number of the extra electrons

increases which in turn increase the density of the shallow donor levels near the conduction band.
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Figure 8: Tauc plot of zinc oxide thin films with different iron concentration.

This increase in density of the donor levels result in the overlapping of the conduction band and the
shallow donor levels which effectively reduce the energy gap. Increasing iron concentration to 5%
and 10 % results in more and more formation of oxygen vacancies due to the tendency of iron ions
to form dimers in which each Fe** shares one oxygen with the other Fe*3. Dimers are short chains of
iron oxide units in which the iron ion doped into the ZnO removes one oxygen ion from the lattice
to form chains creating oxygen vacancies. These oxygen vacancies introduce deep donor levels due
to their ability to give electrons to the conduction band. Thus, increasing iron concentration results
in increasing deep level density which means dominant electronic transitions from the valence band

to these levels after absorbing visible light.

The photoluminescence study of the films is shown in figure 10. The undoped zinc oxide film has
an emission peaks at 377 nm. The film with iron concentration of 1% has three peaks with the main
peak appearing at 379 and the other two appearing at 445 and 495 nm. The film with iron
concentration of 3% also has three peaks at 380 (the main peak), 448 and 499 nm. The last two film
have peaks at 447 (main peak) and 506 nm for 5% iron and 461(main peak) and 509 nm for 10%

iron.

From the photoluminescence emission spectra shown in the graph above one can see there is a red
shift in the emission peaks compared to the absorption peaks of the films from UV-vis study.
Similar red shift was also obtained by Xiaojuan et al. (2014). The reason behind these red shifts can

24



be attributed to presence of lattice vibration (phonons) in the crystal structure of the films which
make the electrons to relax from some excited state to lowers energy state inside the conduction
band before they undergo transitions to the valence band or deep donor levels. This causes the
emitted radiation to have lower energy than the absorbed radiation which in turn results in

increasing of the wavelength of the emission peaks.
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Figure 9: Emission intensity versus wavelength graph of undoped and Fe-doped zinc oxide thin films.

4.3 Hall Effect Analysis

The majority carrier concentration with varying temperature was measured and its behavior as a
function of temperature was plotted as shown in Figure 10. As one can see from the graph the dotes
represent the measured values of the carrier concentration at different temperature. The green and
blue lines represent the calculated values of the shallow and deep donor level densities respectively
for low and high temperatures. The red line represents the measured carrier concentration due to
both shallow and deep donor levels extrapolated to low and high temperatures. This carrier
concentration was fitted to the theoretical value using equation (2.15) and (2.14) by setting the
intrinsic carrier density zero for both shallow and deep donor levels and summing up the resulting

values.
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The shallow donor levels in undoped ZnO thin film could be due to the already existing Zn
interstitials (Zn;) and impurities such as hydrogen atom while the deep levels could be due to
oxygen vacancies formed during calcination in which the high temperature removes the oxygen
ions in the form of oxygen molecules. The shallow donor level density of the films with 1%, 3%,
5% and 10 % iron was observed to increase initially but decrease subsequently due to different
successes rate of substitution of zinc by iron from sample to sample. The more successful the
replacement is the higher shallow donor density there will be. The shallow levels in all samples
have activation energy less than 5 meV.
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Figure 10: Carrier concentration versus temperature plot of zinc oxide thin films with (a) 0 %, (b) 1 %, (c) 3 %, (d) 5 % and () 10 %
iron.

The deep level density on the other hand increased with increasing iron concentration due to more
and more creation of oxygen vacancies. The depth of these deep levels also increased from 60 to 90
meV as the iron concentration was increased. The carrier concentration due to both shallow and
deep donor levels increased with increasing temperature and iron concentration. This is in
accordance to the relation given in (2.15) in which increasing temperature decreases the
denominator which in turn increases the deep ionization densities. This in turn results in increase of
the carrier concentration as given in relation (2.14). This increase in the carrier concentration can be
attributed only to the deep levels as the shallow levels were already completely ionized when the
measurement was carried out. However, the increase in the concentration slowed down as the
temperature approaches room value. If the temperature is increased further, the concentration would
start to approach a constant value indicating complete ionization of the deep levels. Thus, we can
see that the temperature range used in this measurement is complete ionization region for the

shallow donor levels while it is partial ionization region for the deep donor levels.

As shown in Figure 11 the conductivity of each film increased with both increasing temperature and
dopant concentration. The reason behind this increment in conductivity is due to the fact that the
carrier concentration in the conduction band increases with increasing temperature as more and
more electrons are excited from the deep levels to the conduction band. Increased temperature

means increased energy which means there is enough energy that can be accessible to the electrons
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in the deep levels to jump from these localized states and becomes free charge carriers in the lattice

structure of the films.
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Figure 11: Conductivity versus temperature plot of zinc oxide thin films with different iron concentration.

This results in the observed enhancement of conductivity in the samples. However, the conductivity
increased very slowly as the temperature approaches room value due very small increase in carrier
concentration as we approach this temperature. Increasing the temperature beyond the room
temperature might result in a further small increment in conductivity which eventually decrease

when the temperature passes over the complete ionization region due to increased lattice vibration.

While the conductivity of the samples increased with increasing temperature and iron concentration,
the mobility and sheet resistance decreased with increasing temperature and iron concentration as
shown in Figure 12 and Figure 13. The reason behind the observed decrease in mobility with
increasing temperature can be attributed to the increase in lattice vibration which impend the
movement of the carriers. The increase in temperature results in high lattice and charge carrier
vibration which increases the probability of the carrier-carrier as well as carrier-lattice collisions.
These collisions cause the mobility to decrease as shown in Figure 12. On the other hand the
decrease in mobility with increasing dopant concentration was due to the increment in carrier
concentration which in turn created little free space in the lattice structure for the movement of the
charge carriers. The above result is in agreement with the result obtained by Yang (2008) in which

the mobility decreased above 160 K.
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One might ask why didn’t the conductivity decrease, just like the mobility, due to high lattice
vibration. The answer would be that the large increase in carrier concentration outweighed the
effect of lattice vibration. As we know conductivity is dependent on both the concentration and
mobility of charge carriers as given in equation (2.13). But, the magnitude with which the
concentration increased is far more larger than the magnitude with which the mobility decreased.

As a result the conductivity increased despite increasing carrier-carrier and carrier-lattice collisions.
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Figure 12: Mobility versus temperature plot of zinc oxide thin films with different iron concentration.

Just like the mobility the sheet resistance also decreased with increasing temperature and dopant
concentration as shown in figure 14 due to increasing carrier concentration. Resistance and
conductivity are reciprocal quantities of one another and as a result it is natural for the sheet
resistance to decrease with increasing temperature and iron concentration. But as the temperature

approaches room value it was observed to decrease very slowly due to slow increase in conductivity

as discussed previously.
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Figure 13: Sheet resistance versus temperature plot of zinc oxide thin films with different iron concentration.
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Figure 14: Magnitude of Hall coefficient versus temperature plot of zinc oxide thin films with different iron concentration.

Figure 14 shows dependence of hall coefficient on temperature and dopant concentration. As we can
see the hall coefficient decreased with increasing temperature and iron concentration which can be
attributed to the increase in carrier concentration. Since hall coefficient is the reciprocal of the total
charge it falls as the total charge increase. But it can be see that the Hall coefficient starts to fall

very slowly as it approaches room temperature. This can be due to small increment in the carrier
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concentration as the temperature approaches complete ionization region of the deep levels. The
approximate room temperature values of the parameters discussed in the Hall effect analysis so far

are given in the table below.

Table 3: Room temperature electric parameters of zinc oxide thin films with different iron concentrations.

Fe (%) ny cm™) | g, (Qem)?* | u,, (cm?/Vs) | Sheet Res. (Q/sq) Ry
0 2.81x10™® | 57.32 111.69 67.93 -1.94
1 3.41x10% | 60.12 110.78 67.13 -1.93
3 4.24x10" | 76.56 102.38 53.56 -1.41
5 7.24x10™ | 112.99 08.05 35.82 -0.55
10 1.01x10% | 147.83 84.00 28.94 -0.54

The mobility obtained in this study was higher than the maximum mobility obtained by Navid et al.
(2011) for aluminum doped zinc oxide thin films at room temperature, which was found to be 7.56
cm?/Vs but the conductivity of their samples had higher values which was 161.81 (Q cm)™. The
conductivity and mobility of the samples obtained in this study showed practically acceptable

values making them good candidates for optoelectronic applications.
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5. Conclusion

In this study zinc oxide thin films doped with 0%, 1%, 3%, 5% and 10 % iron were grown on
microscopic glass slides using spin coating method and calcinated at 500 °c for 2 hours. Structural
study of the thin films showed growth of polycrystalline zinc oxide thin films with hexagonal
wurtzite crystal structure on glass substrates. Successful substitution of zinc ions by iron ions was
confirmed by the slight decrease in lattice constants. It was observed that crystal quality
deteriorated with increasing iron concentration as revealed in increasing dislocation density and
lattice strains which in turn resulted in decreased grain size. The optical study showed that
enhanced absorption and emission spectra of the thin films over the visible light range was obtained
with increasing iron concentration. The films with 3% iron showed ability to absorb visible light
(violate) due to band gap reduction while the one with 5% and 10% iron showed the ability to
absorb blue light due to deep donor levels of oxygen vacancies induced by increased iron
concentration. The Hall measurement revealed that the electron mobility and sheet resistance
decreased while conductivity and free electron density increased with increasing iron concentration
and temperature. Over all, iron concentration of 3% can be taken as the optimum doping
concentration for optoelectronic applications due to its relatively lower defects, good visible light
absorption quality as well as good electron conductivity and mobility.
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