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Chapter 2 

 

Experimental details 

 

This chapter describes the key experimental methods used to collect the results presented in this 

dissertation. Firstly the Langmuir-Blodgett (LB) and Langmuir Schaefer (LS) techniques, which 

were used to prepare hybrid films are introduced and then we discuss characterization methods 

employed to study the structure and properties of hybrids. 
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2.1 The Langmuir-Blodgett /Langmuir-Schaefer methods 

Nearly exactly one century Irving Langmuir started to investigate the formation of monolayers at 

the air-water interface[1] and this layers have since then been referred to as Langmuir films. He 

studied the formation and stability of these monolayer films and was awarded Nobel Prize for this 

work in 1932. He also reported that the film at air-water interface could be transferred to a 

substrate. However, the systematic study[2], [3] of controlled transfer of a monolayer to a 

substrate is attributed to Katharine Blodgett. She conceived what is nowadays termed the 

Langmuir-Blodgett (LB) method, which consists in lowering the substrate vertically into the 

trough to transfer a monolayer. Later on, in 1938, Langmuir and Schaefer reported[4] a new 

approach where the substrate could be lowered horizontally onto the surface of the LB trough. 

That is what we call now the Langmuir-Schaefer (LS) method. 

The advantages of the LB/LS technique are (1) precise control of the film thickness; (2) 

homogeneous deposition on different kinds of substrates; (3) possibility to vary the film 

composition. Taking advantage of these excellent features, various types of functional materials 

can be fabricated by LB/LS for both fundamental research and application purposes.[5]–[19] An 

introduction to the basic principles of the LB/LS methods is described in the following sections. 

2.1.1 Monolayer formation at air-water interface 

In order to form a monolayer (Langmuir film), it is necessary to employ a surfactant that will stay 

on the surface of the subphase (usually ultrapure water). These surfactants comprise two 

fundamental parts, a ‘head’ and a ‘tail’ part. The head group is hydrophilic (water soluble) and 

usually a polar group such as –COOH, -OH, -NH2; the ‘tail’ groupis hydrophobic (water 

insoluble) and typically a long hydrocarbon chain. Such compounds combining both hydrophilic 

and hydrophobic regions in one molecule are called amphiphile.[6] When ampiphililc molecules 

are mixed with water, the hydrophobic regions will try to ‘escape’ as much as possible from 

water, due to hydrophobic effect, as described by Mouritsen et al.[20] This leads to various 

supramolecular structures formed by self-assembly,[20] as illustrated in figure 2.1. 
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Figure 2.1 Schematic illustration of the self-assembly of ampiphililc molecules in water: (a) a 

monolayer, (b) a bilayer, (c) a micelle, (d) a vesicle.[20]
 

To make these amphiphilic molecules float on the water surface as a stable monolayer, a suitable 

balance between hydrophobic effect (chain length) and hydrophilic character (polar group) is 

required. It is necessary that the force between molecule and subphase is stronger than 

intermolecular force. The amphiphilies used in the projects of this thesis were ararchidic acid, 

octadecylammonium chloride and dimethyldioctadecylammonium bromide, whose chemical 

structure is illustrated in figure 2.2.  

 

Figure 2.2 (a) Ararchidic Acid, (b) Octadecylammonium chloride and (c) Dimethyldioctadecyl 

ammonium bromide. 
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To spread the amphiphilic molecules onto a subphase surface, a volatile organic solvent 

(typically chloroform) was used to dissolve the amphiphilic molecules. The dilute solution was 

then injected onto the subphase surface. It is very important that the subphase is very clean and 

pure, so for our experiment, ultrapure and deionized Milli-Q water (with resistivity of greater 

than 18 MΩ-cm) was used. 

2.1.2 Surface pressure (Π) 

It is quite common that water is used as subphase to form a Langmuir film. In the following, the 

forces and interactions that act at the air-water interface will be described. In the bulk of the 

liquid, water molecules do not experience a net force because forces exercised by neighbouring 

molecules all canceled out, however, for water molecules at the surface, a net inward force exists 

because there is no force acting from the vacuum side,[21] as can be shown in figure 2.3. Hence, 

this inward net force makes the water molecules at the surface experience what we call the 

surface tension γ (measured in unit of N/m). For pure water, the surface tension γ is 72.8 N/m at 

20 
o
C. 

 

Figure 2.3 Illustration of origin surface tension for water. 

Various factors such as the temperature or the presence of contaminants can influence the surface 

tension but more interestingly to us, surfactant molecules at the water surface can influence the 

surface tension as well. Therefore, the important quantity to characterize a Langmuir film is the 

surface pressure (Π), which is the difference between the surface tension of the pure subphase (γ) 

and the surface tension of the same subphase covered with surfactants (γ0).  
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            (2.1) 

The surface pressure is measured with the help of a Wilhelmy plate made out of paper (shown in 

figure 2.4, taking from Wikipedia[22]). The plate is subject to three types of forces originating 

from buoyancy (FB, acting upwards), gravity and surface tension (FG and FS, acting downwards).  

 

 

Figure 2.4 A Wilhelmy Plate immersing in water.[22] 

The Wilhelmy Plate is characterized by its dimensions, defined by lp, wp, tp (shown in figure 2.4), 

and its density ρp; the plate is partially immersed in a liquid (density is ρl) to a depth h. and the 

liquid forms a contact angle θ with it. The net force (F) on the plate can be described by the 

equation (2.2)  

 (2.2) 

where g is the acceleration due to gravity. If F and F0 correspond to the net forces that act on the 

plate with and without monolayer on surface of the subphase, based on the equation above, the 

surface pressure can be written as  

      (2.3) 
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Here in conclusion, the value of the surface pressure Π is proportional to the force difference 

acting on the Wilhelmy plate, which is directly coupled to a sensitive electrobalance. 

2.1.3 Isotherm characterization  

To understand the properties of the ensemble of the amphiphilic molecules at the air-water 

interface, it is useful to plot surface pressure as a function of the area per single molecule on 

subphase surface at constant temperature, or in other words, to record the surface pressure-area 

(Π-a) isotherm. First the surfactant in a dilute organic solvent is slowly injected on the surface of 

the LB trough, after solvent evaporation the amphiphilic molecules will spread and float all over 

the available area. The isotherm is obtained by compressing the surfactants at a constant speed 

while continuously monitoring the surface pressure. Typically, the isotherm of the Langmuir film 

will go through various stages during the compression with the help of the barriers; as shown in 

figure 2.5 three different phases can be distinguished which M. C. Petty et al.[23] described as 

2D analogues of gas, liquid, and solid state of matter. 

 

Figure 2.5 A schematic of typical surface pressure-area (Π-a) isotherm for amphiphilic 

molecules in a Langmuir film. 

In the beginning, when the barriers are wide open, the surfactant molecules are isolated from one 

another on the surface, with large distances in between them: this is the 2D gas phase. Upon 
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continuously compressing, the first turning point is reached, after which the molecules are in the 

2D liquid phase, where they start to interact and arrange with respect to each other but still form 

an overall loosely packed structure. By further compressing, a second turning point reached, from 

where onwards the pressure rises more steeply. In this third phase, referred to as a 2D solid phase, 

the molecules are densely packed together. The monolayer can be further compressed until the 

point designated as C in figure 2.5; further compression does not induce a pressure increase and 

sometimes even a pressure decrease. Point C is the so-called collapse point, beyond which the 

monolayer is destroyed and some of the amphiphilic molecules are forced out of monolayer, 

inducing bi- or tri- structures. If one wishes to transfer the Langmuir film to build up a Langmuir 

Blodgett film on a substrate, one usually choses a surface pressure which is well within the 2D 

solid phase and not too close to the collapse point. Hence it is important to study the isotherm 

behaviour of the Langmuir film before the deposition. 

2.1.4 Deposition process (transferring of Langmuir films) 

Once the Langmuir film on the surface of the subphase has become a two-dimensional solid, it 

can be transferred to another substrates (such as glass, silicon wafer, mica, mylar etc.) by either 

of two different methods; the first and most common one is the Langmuir-Blodgett method, 

illustrated in figure 2.6 (a). The second one implies horizontal lifting of Langmuir monolayers 

onto substrates as can be seen in figure 2.6 (b), and is called Langmuir-Schaefer (LS) deposition. 

The film on the substrate is then referred to as Langmuir-Blodgett (LB) or Langmuir-Schaefer 

(LS) film. Multiple dipping of the substrate allows for multilayer LB or LS films. 
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Figure 2.6 Schematics of (a) vertical dipping of the substrate to transfer a Langmuir film 

(Langmuir-Blodgett method) and (b) horizontal dipping of the substrate to transfer a Langmuir 

film (Langmuir-Schaefer method). 

The good quality of LB/LS films, depends on several factors such as the quality of the substrate 

surface, the transfer speed, and the waiting time of the substrate in air between the deposition 

cycles if more than one layer is transferred. A quality indicator is the transfer ratio (TR), which is 

the decrease in area occupied by the monolayer transferred to the substrate during one dip divided 

by the total substrate area that was dipped into the subphase. If the Langmuir film was transferred 

to uniformly cover the substrate, the value of TR will be 1; hence TR=1 characterizes ideal 

transfer. However, in practice, the transfer ratio is variable in the range of 0.8~1.2, due to 

different reasons such as heterogeneity of substrate, partial peeling off of monolayers during 

deposition, stability of monolayer and speed of substrate movement.  
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Figure 2.7 Illustration of Y-, X-, Z- type structures of multilayer LB films. 

An LB film can form different structures depending on the deposition process. For example, if a 

hydrophobic substrate is used to deposit LB films, when immersing it into subphase, the nonpolar 

hydrophobic region (tail group) will attach on the substrate surface during the downstroke, while 

the polar hydrophilic part (head group) will point away from the substrate. During the upstroke, 

the head groups in the Langmuir film will interact with the head groups terminating the first 

transferred layer on the substrate and through repeated dipping cycles, LB films with a structure 

termed Y-type will form, as depicted in figure 2.7. The Y-type[24]–[26] arrangements 

(head-to-head, tail-to-tail) gives the most stable LB films. However, in some rare cases, 

depending on the polarity of the surfactants, transfer may only occur upon either downstroke or 

upstoke, and LB films of X-type[27] or Z-type[28], [29] can be formed as shown in figure 2.7. 

2.1.5 Preparation of the substrates 

Various types of substrates were used to deposit the LB or LS films in this thesis. Glass 

substrates (Knittel glass, 1.0 mm thick) were employed for X-ray diffraction (XRD) and magnetic 

measurements of multilayer samples. Silicon wafers (Prime Wafer) served as substrates for the 

X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) characterization. Both the 

substrates above were made hydrophobic by modifying the surface with octadecyltrichlorosilane 

(Sigma Aldrich) prior to the LB film deposition.[29]
 
150 nm thick Au/glass and Au/mica 

substrates were prepared by vapour deposition of gold (99.999%, Schöne Edelmetaal B.V.); for 

Au on mica, the freshly cleaved mica was preheated at 375 
o
C for several hours in the evaporator 
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(base pressure 10
-7

 mbar) prior to gold deposition. The gold surface were modified[30] with 

1-Dodecanethiol (Sigma-Aldrich) to be hydrophobic before an LB/LS film was deposited.  

2.2 Characterization methods 

In this section, we shortly describe the experimental techniques applied to study the 

Langmuir-Blodgett (LB) / Langmuir-Schafer (LS) films in this dissertation. X-ray photoelectron 

spectroscopy (XPS) served to investigate the elemental composition of the multilayer LB/LS 

films; X-ray diffraction (XRD) was used to study the structure of the LB/LS films. A magnetic 

property measurement system (MPMS) was employed to study the magnetic property of the 

films.  

2.2.1 X-ray photoelectron spectroscopy (XPS) 

X-ray Photoelectron spectroscopy (XPS), also known as Electron Spectroscopy for Chemical 

Analysis (ESCA), is mostly common used to investigate the chemical nature of surfaces.[31]–[42] 

Historically, XPS was first developed by Kai Siegbahn[43], [44] and coworkers, and he was 

awarded the 1981 Nobel Prize in Physics for this contribution.  

In principle, the photoemission process involves three steps: (1) photoelectrons are generated 

through the interaction of the X-ray with atomic core level electrons; (2) the photoelectrons move 

through the sample to the surface, and some are inelastically scattered along the way; (3) 

electrons that reach the surface are emitted in the vacuum and then into the analyzer. The 

photoelectrons which have not suffered any inelastic scattering will appear as narrow lines in the 

spectrum, while those who have lost energy will be part of the background. The X-ray energy hν 

is absorbed by core level electrons with binding energy EB, resulting in emitted photoelectrons 

with kinetic energy EK, which is measured by the electron energy analyzer shown in figure 2.8 (a). 

Based on the photoelectric effect demonstrated by Einstein in 1905,[45] the electron binding 

energy (EB) can be calculated by hν – EK –ΦA, where ΦA is the work function of the analyzer, 

that is, 

  B K AE h E                 (2.4) 

The binding energy EB is characteristic of the element, from which the photoelectron was emitted 

and depends on the chemical environment, oxidation state, spin state of the atom. When 
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photoelectrons are emitted, the sample remains positively charged and if its conductivity is not 

good enough, this charge cannot be neutralized by connecting it to ground and the next 

photoelectrons which are emitted will be attracted by this positive charge as they fly towards the 

analyzer and therefore have a lower kinetic energy (higher binding energy) than expected. To 

avoid this, ‘flood gun’ providing low energy electrons is employed to compensate the positive 

charge.  

 

Figure 2.8 Illustration of the photoemission process. (a) Irradiation of the LB/LS film surface 

with monochromatic X-rays results in a flux of electrons whose the kinetic energy is measured by 

the analyzer; (b) schematics of the photoemission from 2p core level of a transition metal atom.  

An XPS spectrum gives the intensity of photoelectrons as a function of binding energy EB and 

can be analyzed qualitatively based on binding energy of specific elements as well as 

quantitatively determining the stoichiometry of the surface from the intensity of the 

photoemmission signals.[38] The only two elements which cannot be detected are H and He 

because their photoionization cross section is too small. 

For the projects of this thesis, XPS measurements were performed with a Surface Science 

SSX-100 ESCA instrument equipped with a monochromatic Al Kα X-ray source (hν=1486.6 eV) 

at pressures below 5 × 10
-9

 mbar. The electron take-off angle with respect to the surface normal 

was 37°. The spot size was 1000 μm. At least three different spots were measured on each sample 

to check for reproducibility. XPS spectra were analyzed using the least-squares curve-fitting 

programme Winspec developed at the LISE laboratory, University of Namur, Belgium. The 

energy resolution was set to 1.26 eV. Binding energy are reported to a precision of ±0.1 eV, and 
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referred to the C 1s (BE=285.6 eV) photoemission peak.[46] All XPS measurements were carried 

out on freshly prepared samples. 

2.2.2 X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a well-established technique for structural investigations.[47]–[60] 

Since the wavelength of an X-ray is similar to the spacing of the atomic planes in crystals, the 

X-rays can be diffracted by a crystal. X-ray diffraction was first realized by Max von Laue,[61] 

who was awarded the 1914 Nobel Prize for this discovery. Afterwards, William Lawrence Bragg 

and his father William Henry Bragg developed the theory for analyzing the crystal structure by 

means of X-rays, known as the Bragg law. They were awarded the 1915 Nobel prize for this 

contribution.[62]  

Thin film X-ray diffraction (XRD) was used to study the structure (including quality, thickness, 

orientation) of multilayer LB/LS films in the projects described in this thesis. As is shown from 

figure 2.9 (a), the XRD measurement system consists of an X-ray tube (source of X-ray), a 

diffractometer (included a sample holder), and a detector. It is important to mention here that the 

diffractometer allows to accurately control the orientation of the sample holder with respect to the 

incident beam and the detector. The X-rays are focused on the sample at an incident angle θ, 

while the detector reads the intensity of the X-ray it receives at ω (ω=2θ, in the most common 

configuration, so called specular geometry) away from the source path. As we know, X-rays are 

electromagnetic radiation, which has the same nature as light but with much shorter wavelength. 

Generally, the wavelength of X-ray used in diffraction is in the range 0.5 – 2.5 Å.[60]  In order 

for an X-ray to be diffracted, the spacing between atoms in the crystal must be of the same order 

of magnitude as the wavelength of X-ray. Also, a highly ordered regular structure is necessary for 

diffraction to occur, amorphous materials will not give rise to a diffraction pattern. When X-rays 

impinge on a crystal, interference between reflected X-rays from successive planes will occur. If 

beams reflected by two different layers are in phase, constructive interference occurs and the 

diffraction pattern shows a peak. The condition for that to happen has been described by Bragg’s 

law[63], 

      (2.5) n 2d sin 

https://en.wikipedia.org/wiki/William_Lawrence_Bragg
https://en.wikipedia.org/wiki/William_Henry_Bragg
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where θ is the angle of incidence of the X-ray, n is an integer, λ is the wavelength, and d is the 

spacing between atom layers.  

So by using X-rays of known wavelength λ and measuring θ of incidence angle, the space d of 

various planes can be determined.  

 

 

 

Figure 2.9 A schematic illustration of (a) the X-ray diffraction setup, (b) the representation of 

interference between two X-rays according to Braggs Law reflected from successful planes of 

LB/LS films. 

In the thin film XRD pattern at low angle (2θ below 10
o
), two types of peaks can be observed, the 

first one are the Bragg peaks due to diffraction from the planes in the film, the other one are 
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Kiessig fringes at very low angle caused by the reflection that occurs at the interface between the 

film and the substrate. As mentioned above, the 2θ position of Bragg peak can be used to 

determine the distance d between planes of multilayers and therefore gives the size of the repeat 

unit perpendicular to the surface. The 2θ position of the Kiessig fringes can instead give 

information on the total thickness of the thin film based on the modified Bragg law.[64]  

As illustrated in figure 2.10, the path difference L is given by  

            (2.6) 

where λ is the X-ray wavelength, t the thickness of the film, θ2 the refraction angle of X-rays.  

Indicating with θ1 the incident angle of the X-rays, with n2 the index of refraction of the sample 

and with, δ2 the dispersion, so that n2  = 1 - δ2, using Snell’s law of refraction, we can write 

     (2.7) 

                     (2.8) 

       (2.9) 

        

When θ is very small, sinθ ≈ θ, based on equation (2.6), the L can be given as below equation, 

           (2.10) 

and then                         (2.11) 

So by plotting n
2 

as a function of θ1
2
 of the fringes, the thickness (t) of film can be determined. 
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Figure 2.10 Schematic showing X-ray refractions and reflections at the layer interfaces. (t is total 

thickness) 

For the projects described in this dissertation, X-ray reflectivity data were collected with a Philips 

PAanalytical X’Pert MRD diffractometer at ambient conditions. It is equipped with a Cu Kα 

(λ=1.5418 Å) radiation source (40 keV, 40 meV); a 0.25º divergent slit and a 0.125º 

antiscattering slit were employed for these experiments. The θ scans was taken from 0.6º to 15º 

with a 0.02º step and a counting time of 15 s per step.  

2.2.3 Magnetic property measurement system (MPMS) 

In order to investigate the magnetic properties of organic-inorganic hybrid LB films, we 

employed a magnetic property measurement system (MPMS) to measure the multilayer films. In 

principle, the MPMS system comprises five parts[65]: (1) a temperature control system; (2) a 

magnet control system; (3) a superconducting SQUID amplifier system; (4) a sample handling 

system; (5) a computer operating system. 

Among the five systems, the Superconducting Quantum Interference Device (SQUID) is the heart 

of the MPMS system, which is the most sensitive device for measuring magnetic fields. However, 

it does not directly measure the magnetic field from the sample. As is shown in figure 2.11, the 

sample moves through superconducting pick up coil with 4 wings, which are connected to the 

SQUID with superconducting wires located away from the sample in the liquid helium bath. 

During the measurement, as the sample moves through the detection coil, any change of magnetic 

flux from the sample will induce electric current in the detection coil. The current, which is 

proportional to the change of magnetic flux is inductively coupled to the SQUID sensor. Since 

the SQUID is basically a quite sensitive current to voltage convertor, the variations of current 
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from the detection coil produces in the SQUID an output corresponding to voltage variations, 

which are strictly proportional to the magnetic moment of the sample. Hence, when the system is 

fully calibrated, the magnetic moment of sample can be determined accurately by measuring the 

voltage variations from the SQUID.  

 

 

Figure 2.11 Configuration of superconducting pick up coil with 4 wings for detection, the coil is 

located outside of the sample space.  

 

For the magnetic characterization of organic-inorganic hybrid LB films in this thesis, a Quantum 

Design MPMS-XL7 SQUID magnetometer was employed. It can be operated between 2-350 K, 

and the range of the applied field is ~7 T. The SQUID magnetometer is sensitive enough to 

measure magnetic moments as low as 10
-7

 emu. 
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