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Chapter 2

Synthesis and Experimental Techniques

Synthesis and experimental techniques

This chapter outlines the key experimental techniques utilized to collect the results presented in
this thesis. First three different preparation techniques are discussed in detail, namely electron
beam evaporation, which was used to prepare the C-doped ZnO thin films, solid state synthesis
employed for C-doped ZnO bulk material and solvothermal synthesis for the preparation of Zn
and Li doped-SnO2 nanoparticles. In the following we report the instrumental parameters and
conditions applied for the different experimental techniques. The electrical resistivity, carrier
concentration and mobility of the films were measured with a Hall measurement setup. The
structure of all the samples was investigated by X-ray diffraction, their composition studied by
X-ray photoelectron spectroscopy and their magnetic properties probed by the magnetic property
measurement system. The morphology of the nanoparticles was analysed by scanning electron
microscopy and transmission electron microscopy. Raman, UV/Vis and photoluminescence
spectroscopy gave additional insight on the properties of Zn-doped SnO2 nanoparticles.
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2.1

Experimental techniques

2.1.1 Thin film growth by electron beam evaporation
Electron beam (e-beam) evaporation technique was used to grow thin films of ZnO and C-doped
ZnO. This physical vapour deposition technique consists in bombarding a target anode with an
electron beam to emit atoms into high vacuum. Figure 2.1(a) shows schematic diagram of ebeam setup.

Figure 2.1 Schematic diagram of (a) electron beam evaporation and (b) thermal evaporation
setup1.
The electron beam is generated by thermoelectric emission from a tungsten filament,
accelerating the electrons by a high electric field and then focussing and steering them by magnet
lenses towards a crucible that contains the material of interest. The energy of the electron beam
is transferred to the material, which causes it to sublime or evaporate. Many metals, such as
aluminium, will melt first and then start evaporating, while ceramics will sublimate. The vapour
is intercepted by the substrate as sketched in Figure 2.1(a).

Growth conditions
The base pressure attained in the chamber was about 2.3 × 10-6 mbar and the evaporation sourceto-substrate distance 12 cm. The thickness of the films and the deposition rate were controlled
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with the help of an in-situ quartz crystal thickness monitor. The nominal thickness of the films
investigated was about 300 nm and the deposition rate 5 Å/sec.
Glass substrates: Pristine ZnO and C-doped ZnO thin films were deposited on different glass
substrates, namely soda lime and Corning glass 0120 (Precision Electronic Glass).
Cleaning of the substrates: The substrates were cleaned to remove all organic and inorganic
residues on the substrate’s surface before thin film deposition. The substrate was washed with
IPA (isopropanol alcohol) in an ultrasonic bath for 30 min. Following that, always in the
ultrasonic bath, it was cleaned successively with ion exchanged distilled water, acetone and
ethanol and finally blown dry with N2 gas before being fixed on to the substrate holder.
Ohmic contacts: Aluminium ohmic contacts to the ZnO and C-doped ZnO thin films were
prepared by thermal evaporation; a schematic diagram is shown in Figure 2.1(b)
Carbon layer: A pulsed arc discharge technique was used to deposit a carbon layer on the
undoped ZnO film grown by electron beam evaporation. C was sputtered from graphite anodes
by an energetic ion beam (Ne). A pulsed voltage was applied with the help of a 12 µF capacitor,
which was charged with a power supply in series with a resistance of 1.43 MΩ. The discharge
voltage was about 0.4 kV, applied with a repetition rate of 0.12 s-1. Figure 2.2 shows the
schematic diagram of pulsed arc discharge technique.

Figure 2.2 Schematic diagram of pulsed arc discharge technique2.

2.1.2 Synthesis by solid state reaction
A solid state reaction was used to prepare the ZnO and C-doped ZnO polycrystalline bulk solids
under different conditions. In general it is necessary to heat the reacting powders to much higher
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temperatures (often to 1000−1500 C) in order for the desired reaction to occur at an appreciable
rate. These high temperatures are required because a significant amount of energy is required to
overcome the lattice energy so that a cation or anion can diffuse into a different site. The
feasibility and the rate of reaction depend on the reaction conditions, the surface area of the
solids, their reactivity, the structural properties of the reactants and the thermodynamic free
energy change associated with the reaction.
High purity chemical powders
of carbon, ZnO.

Precursor Chemicals

Stoichiometric
quantities
of
precursors depend on the material
formula.

Mixing

1. Grinding the mixed powder for 3 h to
generate a homogeneous mixture.
2. Sintering the mixture at 1000 oC in a
box furnace under continuous flow of
different gases for 5 h and then cooling
down to room temperature under
ambient conditions.

Grinding

Sintering

Grinding thoroughly

Crystalline sample

Figure 2.3 Various steps in a conventional sintering method for processing of bulk materials.
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Mixed metal oxides, sulfides, nitrides, and aluminosilicates are examples of compounds, which
are typically prepared in this way. The advantage of the solid state reaction method is that
precursors are available in abundance and at a low cost for powder production on the industrial
scale. The steps involved in the preparation of a polycrystalline solid using this method include:
 appropriate amounts of reactants are weighed;
 a homogenous mixture of the reactants is achieved through grinding. Grinding is essential
to ensure that particle sizes are reduced and that particles of different chemical species
are in contact with one another because the reaction occurs at these contact points.
 A heat treatment is performed for several hours depending on the material characteristics.
The reaction crucible must be able to withstand high temperatures and be sufficiently
inert to the reactants. Common crucibles are silica (usable up to 1157 C), alumina
(usable up to 1927 C), zirconia (usable up to 2027 C), or magnesia (usable up to 2427
C).
The detailed steps of the fabrication process of ZnO and C-doped ZnO through solid state
reaction are summarized in Figure 2.3.

2.1.3 Solvothermal synthesis of nanoparticles
Solvothermal synthesis is very similar to the hydrothermal route where the reaction takes place
in a Teflon-lined stainless steel autoclave, the only difference being that the precursor solution is
usually not aqueous. The solvothermal route unites the benefits of both the sol-gel3 and
hydrothermal route4 and allows for the precise control over the size, shape distribution, and
crystallinity of metal oxide nanoparticles or nanostructures. These characteristics can be altered
by changing certain experimental parameters, including reaction temperature, reaction time,
solvent type, surfactant type, and precursor type.
Two series of nanoparticles samples were synthesized via the solvothermal route in a Teflonlined stainless steel autoclave setup shown in Figure 2.4.


Series No.1:

Sn1-xZnxO2 (x =0.00, 0.02, 0.04, 0.06, 0.10)



Series No.2:

Sn0.96-xLixO2 ( x =0.00, 0.02, 0.04, 0.10)
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Figure 2.4 Teflon-lined cylindrical stainless steel autoclave.
The detailed steps of the fabrication process of nanoparticles through solvothermal synthesis are
summarized in Figure 2.5.

Figure.5 The overall experimental procedure for pure SnO2 and for Zn or Li doped-SnO2
nanoparticles.
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2.2

Characterization techniques

2.2.1 X-ray diffraction
X-Ray diffraction (XRD) allows to identify the crystal structure of solids. The lattice constant,
the average crystal size, strain, and texturing, etc. can be extracted from the diffraction data.
XRD method is based on Bragg’s law5 given by:

2d sin  n
where d is the separation between the atomic planes,

1

is the angle of incidence of X-rays with

respect to the plane, n is a positive integer, 1, 2, 3, 4 etc., representing the order of the diffraction
and λ is the wavelength of X-rays. Figure 2.6 shows an incident beam of parallel X-rays
impinging on the surface of the crystal at an angle

and is reflected from the set of parallel

planes of atoms. The reflected X-rays will interfere constructively or destructively depending
upon the path difference between the X-rays. When the path difference is an integral multiple of
the wavelength of X-rays, constructive interference will take place and a characteristic
diffraction pattern is produced. The measured diffraction pattern can then be compared with a
known database of reference patterns to determine the crystal structure of the material.

Figure 2.6 X-ray reflection from lattice planes illustrating Bragg’s law.
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The XRD scans were performed at Quaid-i-Azam University’s Magnetism labs using a
PANalytical Empyrean system. The major components of the X-ray diffractometer include: (a)
an X-ray tube with Cu Kα source (λ = 1.540598 Å), (b) an X-ray detector, (c) a goniometer with
a sample holder, and (d) a computer control. In a laboratory source, a beam of electrons emitted
from a heated tungsten filament in a vacuum tube, operated at 45 kV and 40 mA, impinges on
the Cu anode to create the X-rays. Samples were scanned over the range 20−80 .

2.2.2 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) is a surface sensitive quantitative spectroscopic
technique based on the photoelectric effect: photoelectrons are emitted from the surface of a
material when irradiated with photons having sufficient energy (hν). A scheme showing the
principles of XPS is presented in Figure 2.7. The kinetic energy of the emitted photoelectrons is
measured and the binding energy of the parent state is determined from the basic relation given
in equation 2.2, if the kinetic energy, KE, of the electrons, the wavelength, λ, of the incident Xrays and W the work function of the spectrometer are known.

BE  h  KE W



c



Figure 2.7 A scheme showing the principle of X-ray Photoelectron spectroscopy (XPS).
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The penetration depth of the incident X-ray photons for a given material is quite large. However,
for a laboratory source, the electron mean free path of the photoelectrons is very small due to
scattering, typically of the order of few nm. Hence, only those photoelectrons coming from first
few atomic layers will escape without scattering and contribute to the XPS spectrum. This
explains the surface sensitivity of the technique. XPS allows to determine the surface
stoichiometry because the photoemission signal is directly proportional to the amount of atoms
in the analysed volume which give rise to that signal. Moreover it allows to discriminate between
atoms of the same element but in different chemical environment. In fact, the outgoing
photoelectron is attracted by the hole it has left behind but this hole will be differently screened
depending on whether the atom is situated in an electron poor or an electron rich environment.
This screening will thus influence the kinetic energy of the photoelectron and if different
environments are present, give rise to separate peaks in the spectrum. This is why XPS is also
known as electron spectroscopy for chemical analysis (ESCA).
XPS data were collected using a Surface Science SSX-100 ESCA instrument equipped with a
monochromatic Al Kα X-Ray source (hν=1486.6 eV) and operating at a base pressure of
≤ 3×10-10 mbar. The spectra were recorded with an electron take-off angle of 37° with respect to
the surface normal. The diameter of the analysed area was 1000 μm; the energy resolution was
1.26 eV (or 1.67 eV for a survey scan). Binding energies were referenced to the carbon 1s
photoemission peak, centred at 284.6 eV6 unless stated otherwise. As substrate of the powder
material a conducting Cu substrate was used. For the XPS measurements the powder sample was
dispersed in ethanol and drop cast onto a Cu substrate to create a smooth homogeneous thin
layer. For Li-doped SnO2 nanoparticles, for the detection of Li 1s which has a low scattering
cross section and is present in low concentration, we measured at the periphery to minimise the
charging effects and background signals (Figure 2.8).

Figure 2.8 Sample prepared for XPS measurements.
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Three different spots on were analysed on each sample to check for consistency of the data. A
detailed analysis of the XPS spectra was done using the least squares curve fitting programme
Winspec developed at the LISE, University of Namur, Belgium7. Curve fitting involved a
background subtraction (linear or Shirley8 baseline) and peak deconvolution using a linear
combination of Gaussian and Lorentzian functions with a 75-25% ratio, while taking the
experimental resolution into account. Binding energies are reported ±0.1 eV.

2.2.3 Scanning electron microscopy
The scanning electron microscopy (SEM) is one of the most widely used techniques to
characterize the surface morphology and cross section of thin films. In SEM the surface of the
sample is imaged by scanning it with a beam of high energy electrons. Due to the interaction of
the primary electron beam with the sample, various signals are generated, including secondary
electrons (SEs), backscattered electrons (BSEs), Auger electrons, and X-rays. SE emission is
very sensitive to asperities on the surface and it is this sensitivity that is exploited for imaging.
Since the yield of the backscattered electrons increases monotonically with element’s atomic
number, BSEs are useful to distinguish one element from another.
The morphology and microstructure of the samples were investigated using a field emission
scanning electron microscope (XL30 SEM-FEG, 5k-30kV) equipped with energy-dispersive Xray spectroscopy (EDS). The carbon tape was used for powder mounting; the powder was
sprinkled onto the tape with the help of a spatula and pressed lightly to set. For last step the
sample holder was also turn upside down and taped to remove any loose material.

2.2.4 Transmission electron microscopy
Transmission electron microscopy (TEM) is a powerful technique to characterize nanostructured
(~1-100 nm) samples. An electron beam transmitted through an ultra-thin sample forms an
image, which is magnified and focused onto an imaging device. Due to the small de Broglie
wavelength of electrons9 TEM imaging can be performed with a much higher resolution than
imaging with a light microscope. TEM gives information about the particle shape, morphology,
size distribution and degree of agglomeration. TEM involves three main steps: a) generation and
acceleration of electrons, b) focusing of the electrons using metal apertures and magnetic lenses
20
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to obtain a monochromatic beam and c) interaction of the e-beam with the specimen. The highresolution transmission electron microscopy (HRTEM) data presented in this dissertation were
collected using a FEI Tecnai G2 microscope operated at 200 keV. A small amount of
nanoparticles powder was dispersed in ethanol and than the droplet of the dispersion was cast
onto the carbon grid used for TEM analysis.

2.2.5 Hall measurements
Hall measurements provide a very simple and quick tool for determining the carrier
concentration, the carrier type and mobility. This measurement is based on the Lorentz force
acting on the moving electrons in the presence of a magnetic field10. The Lorentz force results in
the development of Hall voltage in a direction perpendicular to both the applied electric and
magnetic fields. To determine the mobility (μ) and the sheet density of charge carriers (nS), a
combination of a resistivity measurement and a Hall measurement, called van der Pauw
technique, is performed. First the resistances RA and RB were measured as shown schematically
in Figure 2.9 (a) and (b). Subsequently a magnetic field was applied perpendicular to the
substrate surface and the Hall voltage VH was measured (Figure 2.9 (c)).

Figure 2.9 A schematic diagram showing Hall measurements in a four-point probe van der Pauw
configuration.
From these measurements sheet resistance (RS), mobility (μ) and the sheet density (nS) were
calculated using following set of relations10.
exp (-πRA/RS) + exp (-πRB /RS) =1 …………………………………………2.4
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nS = IB/q|VH| ………

…………………………………………………...2.5

μ = |VH|/ (RSIB) = 1/(q nS RS) …………………………………………….2.6
For the Hall measurements it is important that the contacts are ohmic and small in size.
Additionally, the sample should be uniform and its thickness should be known accurately to
estimate the carrier concentration. Aluminium ohmic contacts to the thin films were prepared by
thermal evaporation. The Hall measurement apparatus employed was a Ecopia model HMS-3000
made by Bridge Technology. Electrical resistivity, carrier concentration and mobility were
measured with a magnetic field of 0.32 T. Figure 2.10 (a) shows the spring clip board for use
with the 0.32 T magnet kit; it has spring loaded clips and tips to make contact without using
bonding wires. Figure 2.10 (b) shows the sample kit with the 0.32 T magnet.

Figure 2.10 (a) Spring clip board, (b) 0.32 Tesla magnet kit.

2.2.6 Raman spectroscopy
Raman spectroscopy is a rapid and non-destructive analysis technique to investigate different
vibrational, rotational, and other low-frequency modes in solids, liquids, gases or, when a Raman
microscope is used, in nanoparticles11. This technique is based on inelastic scattering of
monochromatic light incident from a laser source. Photons are first absorbed by the sample and
then reemitted after a very short period. The frequency of the reemitted photons is either shifted
up or down with respect to the original frequency and this shifting in frequency is called Raman
effect. Raman spectra were recorded at 785 nm using a Perkin Elmer Raman Station 400F. The
spot size for Raman and SERS measurements was 7.8x103 μm2, or 0.78 μm2 when a microscope
22
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with a magnification of 100x was used. Spectra were recorded typically with 1-5 exposures of 240 sec unless stated otherwise. Further analysis of the Raman spectra involved manual baseline
correction and normalization.

2.2.7 UV/Vis spectroscopy
To determine the band gap of our materials and in general study their optical properties, we
collected diffuse reflectance spectra on a Perkin-Elmer Lambda 950 photo-spectrometer
equipped with an integrating sphere of 160 mm diameter. To reject the background signal during
the measurement this spectrometer is equipped with a double beam and a double
monochromator; a photomultiplier tube and a PbS detector cover the full range of UV/Vis and
NIR, respectively.. The Lambda 950 spectrometer covers the range of 175−3300 nm with a
resolution of ~ 0.05 nm and scans from higher to lower wavelength. The reflectance
measurements were calibrated using the standard “Spectralon”, a diffuse white plastic that
provides a highly lambetian surface and reflects > 98 % of the light in the range 400−1500 nm
and > 95% in the range 2000−2500 nm. If the sample is a diffusively scattering medium, the
reflectance is affected by both absorption and scattering properties12, and the equation for total
reflectance can be written as

R 

S
K  S  K ( K  2S )

…………………………………………………2.7

where R stands for the reflectance of an infinitely thick sample, K for the light absorption
coefficient and S for the light scattering coefficient.
The ratio K/S can be described by the Kubelka-Munk (K-M) function, F(R), which can be
derived from the above relation as

K (1  R ) 2
F ( R)  
…………….………………………............................2.8
S
2 R
for K→0 (no absorption)  R∞→1, i.e. all light reflected;
for S→0 (no scattering) R∞→0, i.e. all light transmitted or absorbed
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For reflectance measurements the powder samples were pelletized using a hydraulic press. The
samples were held normal to the incident light and reflectance spectra were measured using
unpolarized light with wavelengths between 250 nm and 800 nm. The direct energy band gap of
samples was determined from the reflectance spectra by plotting the square of the Kubelka, versus energy and extrapolating the linear part of the curve to

Munk function,

whereas the indirect band gap was determined by extrapolating the linear part of the curve to
.

2.2.8 Photoluminescence spectroscopy
A photon with energy greater than the band gap energy can be absorbed and thereby raise an
electron from the valence band up to the conduction band across the forbidden energy gap.

Figure 2.11 Principle for photoluminescence13.
In this process of photo-excitation, the electron generally has an excess energy, which it loses
before coming to rest at the lowest energy in the conduction band. As it relaxes to the ground
state, energy is emitted from the material in the form of photons. Thus the energy of the emitted
photons is a direct measure of the band gap energy, Eg. The process of photon excitation
followed by photon emission is called photoluminescence and is shown in Figure 2.11. The
24
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measurement of photoluminescence from semiconductors has become an important
characterization method and provides information on doping levels, alloy compositions, band
gap and edge effects, etc.13. For PL investigations the samples were excited at 380 nm by the
second harmonic of a mode-locked Ti:sapphire (Mira 900) laser. Steady-state spectra were
recorded with a Si-CCD detector from Hamamatsu.

2.2.9 Magnetic characterization
The magnetic properties of the samples studied in this PhD project were probed using a Quantum
Design MPMS XL-7 SQUID magnetometer. A powder sample weighing 10-52 mg was filled
tightly inside a gelatin capsule, ideal as sample container because of its low background. It is
important to contain powder samples so the sample chamber is not contaminated (Figure 2.12).
The straw containing the capsule at the centre was mounted on the end of the MPMS sample
holder using thermal conductive tape, and the whole stick with sample was inserted slowly into
the MPMS sample chamber after flushing with helium venting chamber 2-3 times. The working
temperature of the MPMS varies from 2 K to 350 K and applied fields of +7 T to -7 T can be
used. A picture of the apparatus is shown in Figure 2.13. A SQUID (superconducting quantum
interference device) was used to measure the magnetic dipole moment of a sample as a function
of temperature and field. There are three main components to the MPMS: a superconducting
magnet, second-order gradiometer pick-up coils to detect the magnetic field of the sample, and a
cryostat and sample heating system connected to a temperature controller. The pickup coils are
inductively coupled to the SQUID sensor by a superconducting transformer. To create an
alternating magnetic flux from the pickup coils, the sample stick is moved up and down by a
motor to pass the sample through the coils. The alternating flux signal from the SQUID is
detected in terms of an alternating voltage, which is further amplified and processed to give the
magnetic moment in units of emu. The quantity of sample should occupy the minimum volume
possible to obtain a good signal. Moments as low as 10-7 emu can be measured in the MPMS.

Figure 12 Powder sample in gelatin capsule.
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Figure 2.13 Quantum Design MPMS-XL7 in Solid State Materials for Electronics group at the
Zernike Institute for Advanced Materials.

2.3
S.No
1
2
3
4
5
6
7

8
9
10
11
12
13
14
15
16
17

Measurements performed
Measurement type

Institution

Measurement
Performed by
thin films preparation by e-beam evaporation
PCRET
SA/MA/SKH
carbon layer by pulse arc discharge technique
PINSTECH SA/MA
bulk sample preparation by solid state reaction
QAU
SA/MJ/SKH
nanoparticles sample preparation via solvothermal QAU
SA
method
structural characterization by XRD thin films
PIASE
SA
structural characterization by XRD bulk powder and QAU
SA/SKH
nanoparticles
Hall measurements of thin films
CIIT
SA/MA
microstructural characterization via SEM, TEM, ZIAM
SA/MVD/JDH
HRTEM
X-ray photoelectron spectroscopy of thin films and UD
SA/BA/GHJ/IS
bulk powder
X-ray photoelectron spectroscopy of nanoparticles
ZIAM
SA/OI/PR
Raman Spectroscopy
ZIAM
SA/OI
UV/Vis reflectance measurements
QAU
SA
UV/Vis absorbance measurements
ZIAM
SA/WG/MAL
photoluminescence measurements
ZIAM
SA/WG/MAL
magnetic measurements of thin films
HU
SA/SO
magnetic measurements of bulk powder
QAU
SA/MJ
magnetic measurements of nanoparticles
ZIAM
SA/JB
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1. SA
Sadaf Akbar (Quaid-i-Azam University(QAU), Islamabad, Pakistan)
2. SKH Prof. S. K. Hasanain (Quaid-i-Azam University(QAU), Islamabad, Pakistan)
3. PR
Prof. P. Rudolf (Zernike Institute for Advanced Materials(ZAIM), University of
Groningen, The Netherlands)
4. IS
Prof. I. Shah (University of Delaware(UD), Newark, USA)
5. BI
Dr.B. Ali (University of Delaware(UD), Newark, USA)
6. GHJ Dr.G. H. Jaffri (University of Delaware(UD), Newark, USA)
7. SO
Prof. S. Ozcan (Hacettepe University(HU), Ankara, Turkey)
8. JDH Prof. J. Th. M. De Hosson (Zernike Institute for Advanced Materials, University
of Groningen, The Netherlands)
9. ML Prof. M. A. Loi (Zernike Institute for Advanced Materials, University of
Groningen, The Netherlands)
10. MA M. Abbas ( Institute of Information Technology-CIIT and
Pakistan Council for Renewable Energy Technologies (PCRET), Islamabad,
Pakistan)
11. MJ
M. Jameel (Quaid-i-Azam university, Islamabad, Pakistan)
12. MA Dr.
M.
Ahmad
(Pakistan
Institute
of
Nuclear
Science
and
Technology(PINSTECH), Islamabad, Pakistan)
13. OI
Dr. O. Ivashenko (Zernike Institute for Advanced Materials, University of
Groningen, The Netherlands)
14. MVD M.V. Dutka (Zernike Institute for Advanced Materials, University of Groningen,
The Netherlands)
15. WG W. Gomulya (Zernike Institute for Advanced Materials, University of Groningen,
The Netherlands)
16. JB
J. Bass (Zernike Institute for Advanced Materials, University of Groningen, The
Netherlands)
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