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Chapter 2 

Experimental Details 

This chapter outlines the key experimental techniques utilized to collect the results 

presented in this thesis. First the Langmuir-Blodgett (LB) technique, which was used to 

prepare the multilayer films, is described and the analytical tools employed to characterize 

the Langmuir films, namely pressure-area isotherms and Brewster angle microscopy are 

introduced. In the following we report the instrumental parameters and conditions applied 

when X-ray diffraction and photoelectron spectroscopy were put into operation to determine 

respectively the structure and composition of the hybrid films. In the final part of the chapter the 

setups for determining the electric and magnetic transport properties are illustrated. 
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2.1. The Langmuir-Blodgett technique 

The Langmuir-Blodgett (LB) technique consists in preparing a (multi)layered film by 

(repeatedly) transferring a floating monolayer formed at the air/water interface onto a solid 

substrate and is one of the most promising methods for producing ultrathin films with a 

good control over internal layer structure down to the molecular level
1-2

. It is named after 

Irving Langmuir and Katharine Blodgett, researchers at the General Electric Company in 

the first half of the 20th century. Langmuir, who was awarded the Nobel Prize for 

Chemistry in 1932 for his studies of surface chemistry, used floating monolayers to learn 

about the nature of intermolecular forces. Working principally with fatty acids, Katharine 

Blodgett, together with Langmuir, refined the method of transferring the floating monolayer 

onto solid supports. The most appealing features of the technique are the precise control of 

the film thickness, the possibility to vary the film composition and to deposit of a 

homogeneous film on a large variety of substrates without altering the intrinsic structure, 

and the complete control over how the structure grows both in-plane and out-of-plane 
3-4

. 

Taking advantage of such outstanding features of the LB method, various kinds of tailored 

functional materials can be engineered  to satisfy the demands for  organic and hybrid 

organic-inorganic devices for both fundamental and applied purposes
5
. The following sub-

sections cover a brief introduction on the LB technique along with the fundamental aspects 

relevant to LB film formation. 

2.1.1. The surfactant monolayer at the air/water Interface – Langmuir 

film  

The LB deposition starts with the fabrication of a Langmuir film, a term which refers to an 

insoluble molecular layer on the surface of water (called the subphase) formed by the 

spreading of surface active substance (surfactant) onto the surface and compressing it. 

Surfactants are amphiphilic in nature because they comprise hydrophilic (water soluble) 

and hydrophobic (water insoluble) parts. The hydrophilic region, usually a polar group such 

as -OH, -COOH, -NH3
+
 etc., preferentially stays  in contact with the water surface, while 

the hydrophobic part, usually long hydrocarbon or fluorocarbon chains, points away from 

the water surface and prevents the molecule from dissolving in the water. However, for the 

surfactant to spread on the water surface requires that the attraction force between 

molecules and water is higher than the intermolecular attractive force. Hence, the behaviour 

of amphiphilic molecules in solution and their affinity for interfaces is determined by the 

size and shape of the hydrophobic tail as well as by the size, charge and hydration of the 
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hydrophilic head group. As illustrated in figure 2.1, various  structures such as micelles and 

vesicles
6-7

 are observed for different kinds of surfactant. If the hydrophobic character of the 

amphiphilic molecule is less pronounced than the hydrophilic one, micelles are formed at 

the water surface in spite of the insoluble nature of the molecules. Theses micelles are 

soluble in water and prevent the monolayer formation at the interface. Micelle formation is 

usually observed in molecules with hydrocarbon chain length smaller than 12 hydrocarbon 

groups. If instead the hydrocarbon chain in the amphiphilic molecule is too long, monolayer 

formation is prevented due to crystallization at the water surface. Hence, a suitable balance 

between hydrophobic and hydrophilic character within amphiphilic molecule is required for 

the formation of a stable monolayer at air/water interface.  The amphiphiles used in the 

research presented in this dissertation were arachidic acid and octadecyl ammonium 

chloride whose chemical structure is depicted in figure 2.2.  

 

Figure 2.1. Schematic sketch of structures formed when amphiphilic molecules are deposited at 

a water surface:  a monolayer (a), a micelle (b) and a vesicle (c). An amphiphile molecule is 

described here as a combination of circle (polar head) and wiggly line (apolar tail). 

Since amphiphilic molecules are insoluble in water, a volatile solvent that is slightly 

miscible with water is used to dissolve the molecules prior to spreading them onto the 

water. The subphase used for our experiments was ultrapure, ion free water having a 

resistivity of greater than 18 MΩ-cm and obtained by passing double distilled water 

through the filtering and deionizing columns of a Milli-Q Millipore unit. Ultrapure water is 

very important to avoid incorporation of dust or organic contaminants into the Langmuir 
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film. Moreover, temperature and pH must be controlled in order to achieve stable and 

reproducible films.  

 

Figure 2.2. Arachidic acid (a) and octadecyl ammonium chloride (b) 

2.1.2. Surface pressure 

It is important to understand and measure the forces involved at the air/water interface in 

order to study the behaviour of the Langmuir film in terms of molecular organization. 

Water in the liquid state is held through the electrostatic interaction between the molecules 

due to the net dipole moment. This electrostatic attraction, also called cohesion, is isotropic 

in the bulk of the water. However, molecules at the surface experience an imbalance of 

forces due to larger attraction towards the water than towards the air or gas. The presence of 

this net inward force leads to migration of surface molecules into the bulk of water until an 

equilibrium state is reached when the number of surface versus bulk molecules is 

minimized. The force acting on any surface is called as surface tension (γ) and corresponds 

to the excess free energy per unit area; γ is measured in N/m.  

For contamination-free, ultrapure water γ amounts to ~ 73 mN/m at 20 
o
C. Compared to 

other liquids, such a high value of the surface tension makes water a very good subphase 

for Langmuir film formation. However, the surface tension of water can be lowered by 

various factors such as by increasing the temperature, contaminants in the water or adding a 

surfactant at the water surface. Hence, appropriate precautions should be taken to exclude 

the possibility of dust or other contaminants being present when the Langmuir film forms at 

the water surface. Moreover, experiments must be conducted in controlled temperature and 

pH conditions. The equipment employed for the formation and study of Langmuir film is 

traditionally referred to as a Langmuir trough. Figure 2.3 shows the photograph of the 

Langmuir trough used for the experiments described in this dissertation. It is made of 

Teflon to prevent any leakage of the subphase; Teflon does not contaminate the subphase 

because it is inert. The trough has two barriers for film compression and a Wilhelmy plate 
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electrobalance to measure the surface pressure. The trough is thermostated and the 

temperature of the subphase controlled by circulating water in channels placed underneath 

the trough. 

 

Figure 2.3. Photograph of the thermostated NIMA Technology Langmuir trough employed for 

the preparation and study of Langmuir and Langmuir-Blodgett films in this thesis. 

The surfactant is dissolved in an appropriate volatile solvent and dispensed onto the 

subphase surface with the help of a clean microsyringe. Upon solvent evaporation the 

molecules spread out over the available subphase surface. In this uncompressed state the 

intermolecular distance is too large for any electrostatic interaction between them to take 

effect and the monolayer can be regarded as a two-dimensional gas which does not have a 

sizable effect on the surface tension of the subphase. It is only upon compression that the 

molecules start to exert a repulsive force on each other, leading to a change in surface 

tension. The surface pressure can be computed from the difference between the surface 

tension of pure subphase (γ) and the same subphase covered with a monolayer of surfactant 

(γo).  
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The surface pressure is measured using a Wilhelmy plate made of paper. When a Wilhelmy 

plate of density ρp, perimeter P, and dimensions lp, wp, and tp  (see figure 2.4), is partially 

immersed into a subphase of density ρl to a depth h, it experiences three forces as described 

by equation 2.2, namely the gravity and surface tension acting downward and buoyancy of 

the plate due to displaced water acting upward.  

 

where θ is the contact angle of the liquid on the Wilhelmy plate and g is the gravitational 

constant. For a completely wetted plate, cos θ = 1, and the surface pressure is given by the 

equation: 

 

where Fo and F are the forces acting on the Wilhelmy plate with and without the monolayer 

or Langmuir film present at the surface. 

 

Figure 2.4. Schematic sketch of a Wilhelmy plate partially immersed in water (taken from 

Wikipedia http://en.wikipedia.org/wiki/File:WilhelmyPlate.jpg). 

2.1.3. Surface pressure-area isotherm 

One of the most basic studies of the Langmuir film is measuring the surface pressure as a 

function of surface area available to surfactant molecules at constant temperature, 

commonly referred to as the surface pressure-area (Π-a) isotherm. The Π-a isotherm 

measurement is typically the first step in the study of new materials floating at the subphase 

surface as it gives useful information on the existence of different phases, phase transitions, 

and the stability of Langmuir film at the specific conditions of temperature and pH. Figure 

http://en.wikipedia.org/wiki/File:WilhelmyPlate.jpg
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2.5 shows a schematic illustration of a Π-a isotherm exhibiting three distinct regions. The 

area in this figure is presented as area per molecule that can be calculated from the 

concentration of the molecules in the solution, volume of solution dispensed over the 

subphase, and the total area in the trough occupied by the monolayer. 

Typically an isotherm is recorded by compressing the Langmuir film at a constant rate with 

the help of the barrier system while continuously measuring the surface pressure. The 

Langmuir film goes through several phase transitions during the compression process as 

shown by discontinuities in the isotherm. The different regions in the isotherm correspond 

to different phases which are 2-dimensional analogues to the gas, liquid and solid state of 

matter, as indicated in figure 2.5. Reading the isotherm from right to left, the first 

discontinuity is the lift-off area, defined as the molecular area where the surface pressure 

rises from zero. At the lift-off area the pressure starts to rise due to repulsion of the particles 

that start to order and therefore to interact as a two-dimensional liquid.  

The molecules will order further on until a quasi-solid phase is reached where the 

molecules are packed together. This phase is characterized by a steep and usually linear part 

of the isotherm curve. A Langmuir film in the solid state is in highly compact state and 

upon further compression the molecules can no longer form a uniform monolayer but will 

stack on top of each other to form a bi- or tri-layer structure; this corresponds to the so-

called collapse. The collapse of the monolayer/Langmuir film is generally seen as a 

decrease in surface pressure in the isotherm. The isotherm behaviour of the Langmuir film 

is mainly determined by the physical and chemical properties of constituent amphiphilic 

molecules, temperature and composition of the subphase. 
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Figure 2.5. A schematic of a typical Π-a isotherm measured when compressing a Langmuir film 

in a Langmuir trough; sketches indicate molecular organization in the different phases. 

Hence it yields crucial information about the packing of the molecules, stability of the 

monolayer at given conditions of temperature, pH and composition of the subphase. This 

information is relevant for the successful deposition of LB film. Surface pressure and area 

can be seen as equivalent of pressure and volume of a 3-dimensional phase diagram. 

2.1.4. Deposition – formation of the Langmuir-Blodgett film 

A Langmuir film floating on the subphase surface can be transferred to a hydrophobic or a 

hydrophilic substrate by dipping the substrate into the subphase using the dipper 

mechanism provided with the Langmuir trough as shown in figure 2.6. A highly organized 

multilayer structure can be build up by repeating the dipping procedure. The resulting films 

are commonly called Langmuir-Blodgett (LB) films.  

The Langmuir films are usually transferred in the ‘solid’ phase so that the intermolecular 

attraction in the film is high enough for the film not to fall apart during the deposition 

process. Key aspects to homogeneous transfer of film onto a substrate are transfer speed, 
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quality of the surface (hydrophobicity or hydrophilicity) and the time the solid substrate is 

stored in air or in subphase between the deposition cycles. The quality of the deposited film 

on a substrate is measured by the transfer ratio (T.R.): 

 

 

 

Figure 2.6. (a) Photograph of Langmuir trough with dipper mechanism (b) transfer of 

Langmuir film onto a hydrophobic surface during the downward stroke (c) transfer of 

Langmuir film on hydrophilic surface during the upward stroke.  

For ideal transfer, the T.R. is 1. Different kind of multilayer structures can be obtained by 

successive dipping of the substrate into the subphase. The head-to-head and tail-to-tail 

structure is obtained as a result of deposition during both up- and downward strokes and is 

termed as Y-type as sketched in figure 2.7. This is the most commonly observed multilayer 

structure in LB films and can be prepared on either hydrophilic or hydrophobic substrates. 

It is also the most stable structure because of the strength of the head-head and tail-tail 

interactions. 
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If the film deposits on the substrate only during the up- or downward stroke, the resulting 

multilayer structure is called either X-type or Z-type (figure 2.7). The X-type deposition 

results using a hydrophobic substrate with molecules arranging in head to tail fashion, 

whilst Z-type deposition can be obtained using a hydrophilic substrate; both are rare. 

 

 

Figure 2.7. Schematic sketch of the structure of different types of multilayer LB films resulting 

from different deposition protocols (see text).  

2.1.5. Practical aspects 

The Langmuir trough from NIMA Technology was thoroughly cleaned with i) ethanol, ii) 

Milli-Q water, and iii) chloroform before use. It was then filled with subphase and the 

pressure sensor was put to zero. After filling the trough the subphase has to stabilize; this 

can be monitored by the pressure which decreases until stabilized over a period of at least 

20 minutes. The surface of the subphase is cleaned with the help of a small vacuum cleaner. 

To ensure the surface is clean, an isotherm measurement can be done starting when the 

barriers are closed and pressure is set on zero and then expanding, if the pressure stays at 

zero the surface is clean, if not, then it is not clean. The cleaned and stabilized subphase 

was used for the preparation of L and LB films. The details of different systems studied in 

this thesis are reported in Chapter 4, 5, and 7. 
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2.1.6 Preparation of the substrates 

Various kinds of substrates were used to deposit the LB films in this thesis. A Si/SiO2 wafer 

(purchased from Silicon Quest International, USA) was used for X-ray diffraction (XRD) 

and DC electrical transport measurements of the multilayer LB films. Glass substrates 

(Knittel Glass) were employed for X-ray photoelectron spectroscopy (XPS) and magnetic 

characterization. Prior to film deposition, these substrates were modified with 

octadecyltrichlorosilane (Sigma Aldrich) to make the surface hydrophobic
8
. Au films 

supported on mica substrates and modified
9
 with 1-Dodecanethiol (from Sigma-Aldrich) 

were utilised for infrared (IR) measurements in reflectance mode while CaF2 plates (15 mm 

× 10 mm × 1 mm), without any surface modification were used for IR measurements in 

transmission mode.  

280 nm thick silicon oxide/silicon wafers were cleaved into 10  10 mm
2
 pieces and 

cleaned by sonication in acetone for 5 min. Then wafers were transferred into iso-propan-2-

ol ((CH3)2CHOH) and sonicated for another 5 min, followed by sonication in deionised 

water for 5 min and rinsing in deionised water (DI water). Finally they were dried by 

spinning and blowing with N2 (99.995%) gas.  

Au/mica substrates were prepared by vapour deposition of a 150 nm thick gold film 

(99.999%, Schöne Edelmetaal B.V.) onto freshly cleaved mica preheated at 375 C for 

several hours in the evaporator (base pressure 10
-7

 mbar). The substrates were flame-

annealed in a hydrogen flame for 1 min and heated in UHV (10
-9

 mbar) for more than 30 

min before use. After this treatment, carbon and oxygen resulting from environmental 

contamination were not detected by X-ray photoelectron spectroscopy. 

2.2. Characterization techniques 

This section briefly describes the experimental techniques used for the investigation of 

Langmuir and Langmuir-Blodgett films. The behaviour of Langmuir film at air/water 

interface during compression was studied by measuring Π-a isotherms as already described 

above and through Brewster angle microscopy (BAM). Structure and composition of the 

deposited multilayer LB films were investigated by X-ray diffraction (XRD) and X-ray 

photoelectron spectroscopy (XPS) respectively. A physical property measurement system 

(PPMS) and IR spectroscopy were employed to study electrical transport while magnetic 

property measurement system (MPMS) is used for magnetic characterization of the 

multilayer LB films.  
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2.2.1. Brewster angle microscopy (BAM)   

Brewster angle microscopy (BAM) enables the visualization of the Langmuir film at 

air/water interface
10-11

. It provides real time imaging and hence the dynamics of the floating 

layer can be captured during the compression process. In 1815, Sir David Brewster noted 

that the reflection from an interface vanishes at a certain angle of incidence for p-polarized 

light. This particular angle of incidence, called Brewster angle, is derived from Snell’s law 

and given by the following equation: 

 

where, n1 is the refractive index of the incident medium, n2 is the refractive index of the 

transmitting medium, and θB is the Brewster angle. For the air/water interface θB is ~53
o
. 

The BAM image of pure water at this angle appears black. However, the presence of even a 

very thin layer (as thin as monomolecular layer) yields a certain amount of reflected light 

due to the modification in the local refractive index. This reflected intensity is sufficient to 

produce an image as illustrated in Figure 2.8. The BAM image presented in this figure is 

that of an arachidic acid monolayer at the air/water interface using the KSV NIMA BAM at 

a surface pressure of 18 mN/m. It shows a dark area and domains with varying intensities. 

The dark area represents by a water surface free of molecules, while the different contrast 

of the various domains corresponds to different tilt angles of the molecules
12

.  

As detailed in Chapter 5 and Chapter 7, in this dissertation a KSV NIMA Brewster angle 

microscope (BAM) was used in conjunction with KSV NIMA Langmuir Trough Large to 

study the evolution of hybrid Langmuir films at the air-water interface during continuous 

compression. A KSV NIMA BAM is capable of providing fully focused real-time imaging 

at 20 to 35 frames per second. This BAM has a field of view of 720 μm × 400 μm and 

resolution of 2 μm.  
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Figure 2.8. Schematic illustration of Brewster angle microscopy (BAM). The image presented 

on the display screen is the BAM image (field of view of 720×400 μm2) of an arachidic acid 

monolayer at air/water interface recorded at surface pressure of 18 mN/m.  

2.2.2. X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for chemical 

analysis (ESCA), is a widely used technique to probe the chemical nature of material 

surfaces
13

. This pioneer technique was first employed by Steinhardt and Siegbahn in 

1950
14-15

. Kai Siegbahn was awarded with the Nobel Prize in Physics in 1981 for his 

outstanding contribution in the development of XPS instrumentation and theory of XPS. 

Since then XPS has developed into the standard surface science technique for determining 

the surface stoichiometry and gaining insight into the type of bonds formed by the surface 

atoms.  XPS is based on the photoelectric effect, through which electrons are emitted from 

the surface of a material when irradiated with photons having sufficient energy (hν) as 

sketched in figure 2.9. The kinetic energy  of the ejected electron is measured and is 

given by the following equation:  
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where  is the binding energy of the ejected electrons and is the work function of the 

spectrometer. In XPS the photon energy is in the X-ray region and the kinetic energies of 

electrons photoemitted from core levels are analyzed. The EB is an intrinsic property of an 

element and is influenced by the various factors such as the chemical environment, 

valence/oxidation and spin states of the atom from which the photoelectron is emitted. 

Hence, XPS not only determines the composition but also gives information on the local 

chemical environment of each constituent element. Oxidation and spin states of the atoms 

at the surface of material can be determined very accurately. 

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 and is typically of the order of few nm. Hence, only those 

photoelectrons coming from first few atomic layers will escape without scattering. This 

explains the surface sensitivity of the XPS technique.   

For the projects described in this thesis 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 on a spot 

with a diameter of 600 µm. The energy resolution was set to 1.3 eV. Binding energies were 

referenced to the Carbon 1s photoemission peak, centred at 285.2 eV
16

. Glass slides and Au 

(150 nm) evaporated mica sheets were used as substrates for conducting and non-

conducting LB films respectively for these measurements. The consistency of the data was 

checked by recording spectra at a minimum of three different spots on the sample. This also 

minimized the X-ray induced degradation effects as a fresh area of the sample is irradiated 

in each spot. Copper (II) based materials are highly susceptible to radiation-induced 

degradation. XPS leads to the reduction of Cu
2+

 to Cu
1+

/Cu
0
. To minimize these effects in 

the case of LB films comprising Cu complexes as inorganic component, spectra 

acquisitions were started with the Cu 2p region and the sample was laterally moved by ~0.5 

mm after each scan so that every scan is measured from a fresh area of the sample. 
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Figure 2.9: A schematic illustration of the photoemission process. Left panel:The X-ray photons 

impinge on the surface of a Langmuir Blodgett film resulting in the emission of electrons. Right 

panel: sketch the photoemission from the carbon 1s core level.   

A detailed analysis of the XPS spectra was done using the least squares curve fitting 

program Winspec developed at the LISE, University of Namur, Belgium. Curve fitting for 

all the high resolution XPS spectra involved background subtraction (linear or Shirley 

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. X-ray diffraction (XRD) 

Thin film X-ray diffraction technique (XRD) was extensively used in the projects described 

in this thesis to investigate the crystal structure of the multilayer LB films. X-ray diffraction 

is one of the key methods to obtain complementary information over crystal structure, 

quality of crystal, thickness and roughness of the multilayer films
17-18

. Moreover, the 

orientation of film with respect to the substrate and the orientation relation between 

individual layers within the multilayer film can be extracted from these measurements. 

Diffraction occurs when electromagnetic radiation interacts with a structure which is 

periodic on the length scale of the wavelength of the incident radiation. Figure 2.10 depicts 
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the schematic representation of the interference of light reflected from successive planes of 

a classical multilayer LB film. Constructive interference occurs if Bragg’s law is satisfied
19

: 

 

where d represents the interplanar distance, n is an integer number, λ the wavelength of 

incident radiations, and θ the angle between the incoming radiation and scattering plane.  

 

Figure 2.10. Schematic representation of interference between two radiations with wavelength λ 

reflected from LB film with periodic multilayer structure. Path difference between two 

radiations, 2dsinθ, must be equal to n λ for constructive interference according to Bragg’s law. 

In the framework of this dissertation X-ray diffraction data were collected to get 

information over the crystal structure of hybrid LB films and stacking of the individual 

layers within the multilayer LB film. Si/SiO2 wafer served as a substrate for X-ray 

diffraction measurements. Out of plane X-ray reflectivity data for the multilayer LB films 

were collected at ambient conditions with a Philips PANanalytical X’Pert MRD 

diffractometer. The diffractometer is equipped with Cu K  ( =1.5418 Å) radiation source 

(40 keV, 40 mA) while a 0.25º divergent slit and a 0.125º antiscattering slit were employed 

for these experiments. The 2θ scans was taken from 0.6º to 9º with a 0.02º step and a 

counting time of 15 s per step. An X-ray reflectivity measurement on a thin film with 

multilayer structure not only gives the film thickness but also reveals the roughness of the 

interfaces within the film. As the X-ray beam passes through a multilayer structure, a 

portion of X-rays is reflected at every interface; the interference of these partially reflected 

X-ray beams produces a reflectivity curve exhibiting an oscillation pattern
20

. This 
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oscillation pattern, known as Kiessig fringes, is created by the phase difference between X-

rays reflected from different interfaces. The period of the Kiessig fringes is determined by 

the thickness of the film. However, Kiessig fringes are not visible in thin films with lateral 

inhomogeneities and rough interfaces
20

. 

To determine the in-plane crystal structure in LB films, both an intense X-ray source and 

high resolution are required. In fact, the resolution of most of laboratory diffactometers is 

limited by the geometry (sample to detector distance, source to sample distance rotational 

degree of freedom for detector and sample etc.), the energy and the flux of the X-ray 

source. The in-plane diffraction measurements on the hybrid LB films discussed in Chapter 

5 were carried out with a photon energy of 17.5 keV at beamline ID03 of the European 

synchrotron radiation facility (ESRF) in Grenoble, France
21

. The photon energy was 

optimized for obtaining better results with minimum radiation damage. The in-plane 

diffraction measurements on the hybrid LB films reported in Chapter 7 were performed at 

the SAXS-beamline at the ELETTRA synchrotron radiation facility in Trieste, Italy
22

.  To 

get information on the stacking of the individual sheets within the multilayer hybrid LB 

film, rocking curves (θ-scans) were collected with a photon energy of 8 keV at the 001 peak 

position in the out of plane geometry at the same SAXS-beamline.  

2.2.4. Transmission electron microscopy (TEM) 

The multilayer hybrid LB films were analysed by transmission electron microscopy to 

verify that a layered structure had been prepared. High-resolution transmission electron 

microscopy (HRTEM) and high angle annular dark field scanning electron transmission 

microscopy (HAADF-STEM) together with energy dispersive X-ray spectroscopy (EDX) 

data were collected using a FEI Tecnai G 2 microscope operated at 200 keV. For these 

measurements, the films were deposited on a mylar substrate and ultra-thin cross-sectional 

lamellae were prepared with the help of a focused ion beam (FIB) in a FEI Helios FIB/SEM 

dual beam system. To avoid charging problem in FIB/SEM dual beam system and to 

protect the delicate film surface, a layer of amorphous carbon with an approximate 

thickness of 100 nm was deposited on the film surface; thereafter a protective Pt layer was 

deposited. Then each lamella was milled around the protected area prior to an in-situ lift-

out procedure. Further thinning was carried out by using a low kV ion beam with low dose 

in order to protect the structure. The lamella thickness was reduced from approximately 

1µm to 100 nm. Final thinning and cleaning was performed using an ultra-low kV ion 

beam, i.e. 1 kV ion to make it electron-transparent. 



Chapter 2 

 

31 

2.2.5. Infrared spectroscopy (IR) 

Infrared spectroscopy is a non-destructive technique used initially for qualitative and 

quantitative analysis of organic compounds; it exploits the fact that molecules absorb 

radiation of a specific energy to excite their vibrational modes. The frequency of the 

vibrational modes is sensitive to the shape of the molecule, the mass of the atoms, the 

associated vibronic coupling and the charge on the molecule
23

. Hence, IR is employed in 

the context of the research reported in this thesis to investigate the charge transfer 

properties and the orientation of the organic molecules. For this purpose multilayer LB 

films on a gold film supported on a mica substrate were measured in the spectral range of 

700-4000 cm
-1

 in reflectance mode with a Bruker IFS 66v/S vacuum FTIR spectrometer 

operating at 10
-2

 mbar. The spectrometer was equipped with a liquid nitrogen cooled 

Mercury Cadmium Telluride (MCT) detector and a KBr beam splitter. To achieve a good 

signal to noise ratio, each spectrum was the average of 200 scans collected with 2 cm
-1

 

resolution. IR on metal substrates gives information on the orientation of the adsorbed 

molecules due to the metal-surface selection rule which predicts that vibrational bands are 

suppressed when the oscillating dipole moment is parallel to the surface because of the 

oscillating image dipole inside the metal
24

.  

To determine the intrinsic electrical transport properties, optical spectra of the multilayer 

hybrid LB films deposited on CaF2 substrates were measured in transmission mode as a 

function of wavenumber in the range 900-11500 cm
-1

. A Bruker IFS 66v/S spectrometer 

was used for measurements in the range 900-4000 cm
-1

,  while for 4000-11500 cm
-1

 

spectral range a Perkin-Elmer Lambda 900 spectrometer was used.  

 2.2.6.  Electrical transport measurements 

Electrical transport measurements on multilayer LB films were carried out using Quantum 

Design physical property measurement system (PPMS) model 6000 cryostat. This variable 

temperature-magnetic field system allows for a variety of automated measurements 

including AC and DC magnetic susceptibility, electrical and thermal transport properties. A 

standard four-point probe method is used to measure the electrical resistance of the 

multilayer LB films
25

. LB films were deposited on a Si/SiO2 substrate prefabricated with 

four Au/Ti electrodes separated by 0.5 mm gaps. The dc four-point probe method was 

applied by sending a constant current (I, with value chosen between 1.0 nA-1.0 μA) 

through the outer two electrodes and measuring the voltage drop (V) in the inner two. The 

sheet resistance is then computed using the following expression: 
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where C is the geometrical factor determined by the geometry of the sample and spacing 

between the electrodes
25

 and amounts to 4.4516 for the samples investigated in this thesis 

project.  

2.2.7. Magnetic characterization 

A Quantum Design MPMS-XL7 SQUID magnetometer was employed for magnetic 

characterization of the multilayer LB films. It operates between 2-350 K with a maximum 

magnetic field of ±7 T. The SQUID magnetometer has three main components; a 

superconducting magnet, second-order gradiometer pickup coils connected to the SQUID to 

sense the magnetic signal from the sample under investigation, and a cryostat and sample 

heating system connected to a temperature controller. The sample under investigation is 

placed in the centre of the superconducting magnet and moved up and down to produce an 

alternating magnetic flux in the pickup coil. This alternating flux signal is detected as a 

current by the SQUID, which is amplified and processed to give the magnetic moment in 

units of emu. SQUID magnetometry is one of the most sensitive ways to measure the 

magnetic moments as low as 10
-7

 emu. 
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