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CHAPTER 2 

Experimental procedures 
In this chapter, details of sample preparation techniques and experimental methods used 

to characterize the samples are presented. DC or RF magnetron sputtering was used to 

deposit thin films of various materials including the phase-change materials. The major 

analytical techniques employed in our investigation are transmission electron 

microscopy (TEM), atomic force microscopy (AFM) and a homebuilt current-voltage (IV) 

measurement setup. For most of the measurements except those with TEM, the layers 

were deposited on silicon substrates. For TEM measurements the following types of 

substrates were used; (i) silicon substrates containing silicon nitride windows, and       

(ii) copper grids containing carbon coatings. Scanning electron microscopy (SEM) was 

used to examine the AFM probes and electrical contacts of the memory cell structures. 

2.1. CHOICE OF SUBSTRATES 

When analyzing thin films, the selection of the substrate material depends primarily on 

the type of measurements the films will be subjected to. Besides this, the substrate 

materials should include in general the following qualities: i) chemical inertness to the 

deposited films, ii) good mechanical stability, iii) good compatibility to the deposition 

process and all other subsequent processing or handling necessary for the use of the 

films. The nature and surface finish of the substrates are important because they influence 

the film properties and also the measurements to a certain extent. For example, 

conductive atomic force microscopy requires samples with smooth surfaces for acquiring 

reliable and high resolution results. We used commercially available plain (500 µm thick) 

silicon wafers with surface (RMS) roughness around 1 nm to deposit thin films for AFM 

measurements. Prior to deposition, the Si substrates were cleaned using the following 

steps:  

1) Cleaned with soap solution and rinsed with distilled water. 

2) Ultrasonic agitation in distilled water for 10 to 15 minutes. 
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3) Cleaning with acetone using ultrasonic agitation for 10 to 15 minutes. 

4) Rinsing and ultrasonic cleaning with distilled water for 10 to 15 minutes. 

5) Ultrasonic cleaning with ethanol for about 10 minutes. 

6) Finally vapor degreased by isopropanol at 60 to 70oC for about 30 minutes. 

Since electron transparent substrates are required for TEM studies, carbon coated Cu 

grids or silicon substrates containing silicon nitride (Si3N4) windows were used. These 

substrates (Cu grids are commercially available and silicon nitride windows were 

received from Philips, Eindhoven) did not require any further cleaning. Copper grids 

provided better heat conduction (between the heating stage and the film) than the Si3N4 

windows in annealing experiments with the TEM. More specific details about the 

substrates are given in the experimental parts of each chapter. 

2.2. MAGNETRON SPUTTERING METHOD 

2.2.1. Introduction 

Magnetron sputtering is the widely used technique in phase-change memory device 

fabrication, not only to deposit the phase-change films but also the dielectric capping 

layers, metallic reflective layers, etc. DC or RF magnetron sputtering technique is 

employed depending on the material type. Typically, metallic or semi-metallic materials 

layers are coated using DC magnetron sputtering and dielectric materials by RF 

magnetron sputtering. The basic concepts of sputtering, DC magnetron and RF 

magnetron sputtering are briefly explained in the following. 

2.2.2. Sputtering 

Sputtering is a physical process involving removal of fractions of a material called as 

sputtering target, and subsequent deposition onto a substrate. Sputtering is achieved by 

bombarding the target surface with ions under high voltage acceleration. As a result of 

the ion impingement, atoms (or occasionally molecules) are ejected from the target 

surface due to the momentum transfer by the impinging ions. Sputtering takes place 

usually at low pressures, typically in a range between 10-4 and 10-2 mbar. The 

bombarding ions are formed by a glow discharge process, where inert gas atoms are 

ionized by an electric discharge to form plasma. Plasma can be defined as a gas with 
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charged and neutral particles, for example, electrons, positive ions, atoms and molecules. 

Overall the plasma is charge neutral. Plasma is usually created with argon gas which is 

fed into the sputtering chamber. Due to the natural cosmic radiation, there are always 

some ionized Ar+ ions present in the chamber to the ignite plasma.  
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Fig. 2.1. Schematic of a simple sputtering setup with Ar as sputtering gas 

 
In DC sputtering, the target is negatively biased (typically up to few hundred volts) to 

attract Ar+ ions from the plasma and make collisions on the target surface. These 

attracted Ar+ ions also responsible for the production of secondary electrons which cause 

further ionization of the sputtering gas. A sufficient ionization rate is required to sustain a 

stable plasma. One of the ways to increase the ionization probability is increasing the 

partial pressure of the sputtering gas (i.e., increasing the gas pressure, more collisions 

result in the formation of more ions). Increased ion current to the target results in higher 

depositions rate. However, at very high pressures, sputtered target atoms get scattered 

before reaching the target. This reduces the deposition rate. Therefore a peak in the 

deposition rate versus pressure curve occurs (and for Ar ions this is around 110 mTorr). 

Schematic of a DC sputtering setup with Ar sputtering gas is shown in Fig. 2.1. 

2.2.3. Magnetron sputtering 

In order to get a reasonable deposition rate, a sputtering chamber must operate at 

relatively high pressures, which mean that there is a fairly high concentration of 

impurities in the gas. Also, at high pressures there is a lot of interaction between gas 

molecules and chamber walls resulting in increased contamination from the walls. One of 
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the effective solutions to minimize these problems is using a magnetron. In magnetron 

sputtering, the use of a magnetic field to trap electrons around the target gives a higher 

deposition rate at lower pressures. 

The fraction of ions in plasma is significantly less than the total concentration of gas 

atoms (typical ion densities in plasma are about 0.0001%). In general, this leads to 

reduced deposition rates of sputtering as compared with evaporation. Magnetrons make 

use of the fact that a magnetic field configured parallel to the target surface can constrain 

the motion of secondary electrons ejected by the bombarding ions, to a close vicinity of 

the target surface. An array of permanent magnets is placed behind the sputtering source. 

The magnets are placed in such a way that one pole is positioned at the central axis of the 

target, and the second pole is placed in a ring around the outer edge of the target.            

A schematic of the magnetron assembly is shown in Fig. 2.2. 
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Fig. 2.2. Schematic of a DC magnetron sputtering setup 
 

This configuration creates crossed electric (E) and magnetic (B) fields, where 

electrons drift with velocities (u) perpendicular to both E and B according to                    

u = ExB/B.B. If the magnets are arranged in such a way that they create closed drift 

region, electrons are trapped, and rely on collisions to escape. By trapping the electrons 

in this way, the probability for ionization is increased by orders of magnitudes. Ions are 

also subjected to the same force, but due to their larger mass, the Larmor radius often 

exceeds the dimensions of the plasma chamber. The trapping of electrons creates a dense 

plasma, which in turn leads to an increased ion bombardment of the target, giving higher 
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sputtering rates and, therefore, higher deposition rates at the substrate. The electron 

confinement also allows for a magnetron to be operated at much lower voltages 

compared to basic sputtering (about 500 V instead of 2 to 3 kV) and be used at lower 

pressures (typically in mbar region).  

2.2.4. RF Sputtering 

If insulating/dielectric targets (such as oxides or nitrides) are sputtered using DC 

voltages, the negative charge applied to the target is neutralized by the Ar ions. 

Eventually, due to positive charge builtup on the cathode (target), the ions will not be 

attracted anymore by the target to carry out sputtering. Very high potential differences 

(around 1012 volts) between the electrodes are required to sputter insulators and this 

creates practical difficulties. To overcome this, an alternating current in the radio 

frequency (RF) regime is used rather than DC. Since the ions are heavy and less mobile 

compared to electrons, they cannot follow radio frequencies. On the other hand, the 

electrons follow RF and acquire sufficient energy to cause ionizing collisions in the space 

between the electrodes and thus maintain the plasma.  

When an electrode is capacitively coupled with the RF source, an alternating 

(positive and negative) potential appears on the surface. In one half cycle, at which the 

target is negative, the ions are accelerated towards the target with sufficient energy to 

cause sputtering while, in the next positive half cycle, the electrons reach the target 

surface to prevent any charge builtup. Since the substrate and chamber make a very large 

electrode, not much sputtering occurs at the substrate. RF sputtering can be performed at 

lower Ar pressures (1 to 15 mTorr). More line of sight deposition occurs due to a fewer 

gas collisions. Major disadvantages of RF sputtering with dielectric targets are the poor 

heat conduction and larger thermal expansion coefficients of the target materials. 

Therefore, larger thermal gradients are generated in the target when ion bombardment 

heats up the target surface. This can results in fracturing of the target. 

2.2.5. Features of sputtering 

Sputtering has become one of the powerful techniques in modern manufacturing. In fact, 

today's technologists use sputtering to coat more surfaces in more industries than ever 

before. From semiconductors to credit cards; from compact discs to auto parts; 
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magnetron sputtering is adding new value to a growing list of products every day. 

Specifically in optical data storage applications, sputtering virtually deposits the whole 

variety of layers (made up of alloys, metals and compounds) used in the optical disk 

formats and provides a unique combination of advantages. The specific advantages of 

sputtering are given below. 

1) The high kinetic energy of sputtered atoms gives better film adhesion.  

2) Since coverage is independent of line of sight, sputtering inherently produces uniform 

film coatings over a large area. 

3) Unlike evaporation techniques, which require horizontal placement of the crucible 

containing molten material and vertical placement below the substrate, sputtering 

works in any orientation, providing it faces the substrate. 

4) It offers much greater versatility than other approaches because, as a cold momentum 

transfer process, it can be used to apply either conductive or insulating materials to 

any type of substrate including heat sensitive plastics, e.g. polycarbonate typically 

used in optical disks. 

5) Sputter cleaning of the substrate in vacuum prior to film deposition can be done. 

6) It enables simultaneous deposition from multiple sources to develop new alloys     

(see Fig. 2.3). For example, GeSbTe alloys of various compositions can be deposited 

using Ge, Sb and Te sources.  

 
Fig. 2.3. A sputtering cathode with 4 sources. Image courtesy: Plasmon Data Storage Ltd. UK. 

7) For industrial applications (i.e. for the bulk production of devices), sputtering can be 

made a continuous, inline process. Deposition of multiple layer stacks is possible  

(for e.g. to deposit various layers of an optical disk) by having multiple chambers, in 

a row, with sputter cathodes of different materials 

8) Tuning of specific film properties (for e.g. composition, microstructure, step 

coverage) can be more easily achieved, than any other techniques, by varying the  
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sputtering parameters (single or multiple parameters) such as target to substrate 

spacing, sputtering gas pressure, sputtering gas/ion type, biasing the substrate. 

9) Compound thin films can be deposited using reactive sputtering i.e. sputtering in the 

presence of a reactive gas. Typically oxides or nitrides of phase-change materials are 

deposited by this method [1-4]. 

2.2.6. Deposition conditions 

DC magnetron sputtering was used to deposit the GeSbTe-based phase-change (PC) 

layers with the following sputtering conditions: 

Power to the target   : 0.25 to 0.3 kW 

Sputtering rate    : ~ 5 nm/s for PC 

Sputtering gas (Ar) pressure  : 1.0 Pa (10-2 mbar) 

Target to substrate distance  : ~ 3 cm  

Target size (diameter)   : 20 cm (single target) 

PC layer thickness   : 20 to 40 nm 

RF sputtering was used to deposit the dielectric capping layers such as GeCrN (GCN) 

and ZnS-SiO2 (ZSO) with the following sputtering parameters: 
 

Sputtering parameters ZnS-SiO2 layer  GeCrN layer 

Power to the target 0.8 kW 0.3 to 1.0 kW 

Sputtering rate 1.6 to 2 nm/s  0.6 to 2 nm/s 

Sputtering gas, pressure Ar, 0.75 Pa mixture of Ar & N, 2.8 Pa 

Target to sample distance ~ 4 cm ~ 4 cm 

Target size (diameter) 20 cm 20 cm 

Layer thickness 3 nm 3 nm 

 
An image of the sputter coater used to deposit our samples is shown in Fig. 2.4. This 

system (Unaxis big sprinter) is equipped with nine cathode assemblies. Source of the 

cathodes can have up to four targets and hence alloys of desired compositions can be 

produced by cosputtering. The substrates fed in to the system can be consecutively 
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transferred to several cathodes to be coated with a series of different films without 

breaking the vacuum between depositions. 
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Fig. 2.4. Photograph of a ‘Unaxis big sprinter’ sputtering system with multiple cathode chambers. The 
substrates fed into the system can be covered with a multiple-layered stack. Cathodes can contain 
elemental or compound targets and some cathodes can accommodate up to four different targets 
(compare also Fig. 2.3). Image courtesy: Plasmon Data Storage Ltd. UK. 

2.3. ATOMIC FORCE MICROSCOPY 

2.3.1. Introduction 

Scanning probe microscopes (SPM) define a broad group of instruments used to image 

and measure properties of material from the micron to the atomic level. SPM images are 

obtained by scanning a sharp probe across a surface while monitoring and compiling the 

probe-sample interactions to provide an image. A scanner controls the precise position of 

the probe in relation to the sample surface, both vertically and laterally.  

The Probe: When two materials are brought very close together, various interactions are 

present at the atomic level. These interactions are the basis for scanning probe 

microscopy. An SPM probe is a component that is, because of design, particularly 

sensitive to such interactions. Specifically, when an SPM probe is brought very close to a 

sample surface, the sensed interaction can be correlated to the distance between the probe 

and sample. Since the magnitude of this interaction varies as a function of the          
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probe-sample distance, the SPM can map a sample’s surface topography by scanning the 

probe in a precise, controlled manner over the sample surface. 

The Scanner: The material that provides the precise positioning control required by all 

SPM scanners is piezoelectric ceramic. A piezoelectric ceramic changes its geometry 

when a voltage is applied; the voltage applied is proportional to the resulting mechanical 

movement. The piezoelectric scanner in an SPM is designed to bend, expand, and 

contract in a controlled, predictable manner. The scanner, therefore, provides a way of 

controlling the probe-sample distance and of moving the probe over the surface.  

Scanning: To generate an SPM image, the scanner moves the probe tip close enough to 

the sample surface for the probe to sense the probe-sample interactions. Once within this 

regime, the probe produces a signal representing the magnitude of this interaction, which 

corresponds to the probe-sample distance. This signal is referred to as the detector signal. 

In order for the detector signal to be meaningful, a reference value known as the setpoint 

is established. When the scanner moves the probe into the imaging regime, the detector 

signal is monitored and compared to the setpoint. When the detector signal is equal to the 

setpoint, the scanning can begin. The scanner moves the probe over the surface in a 

precise, defined pattern known as a raster pattern, a series of rows in a zigzag pattern 

covering a square or rectangular area. As the probe encounters changes in the sample 

topography, the probe-sample distance changes, triggering a corresponding variation in 

the detector signal. The data for generating an SPM image is calculated by comparing the 

detector signal to the setpoint. The difference between these two values is referred to as 

the error signal, which is the raw data used to generate an image of the surface 

topography. Data can be collected as the probe moves from left to right (the trace) and 

from right to left (the retrace). The ability to collect data in both directions can be very 

useful in factoring out certain effects that do not accurately represent the sample surface. 

The trace and retrace movement is sometimes referred to as the ‘fast scan direction’. The 

direction perpendicular to the fast scan direction is sometimes referred to as the ‘slow 

scan direction’. 

The SPM Image: As the probe scans each line in the raster pattern, the error signal can 

be interpreted as a series of data points. The SPM image is then generated by plotting the 

data point by point and line by line. Other signals can also be used to generate an image. 
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SPM imaging software displays the image in a useful way. For example, the height and 

color scales can be adjusted to highlight features of interest. The number of data points in 

each scan line and the number of scan lines that cover the image area will determine the 

image resolution in the fast and slow scan directions, respectively.  

The Z Feedback Loop: SPMs employ a method known as Z feedback to ensure that the 

probe accurately tracks the surface topography. The method involves continually 

comparing the detector signal to the setpoint. If they are not equal, a voltage is applied to 

the scanner in order to move the probe either closer to or farther from the sample surface 

to bring the error signal back to zero. This applied voltage is commonly used as the signal 

for generating an SPM image. 

SPM categories: The two primary forms of SPM are scanning tunneling microscopy 

(STM) and atomic force microscopy (AFM). STM was first developed in 1982 at IBM in 

Zurich by Binnig, et al. [5]. The invention of STM (for which Binnig and Rohrer were 

awarded the Nobel Prize in Physics in 1986) had a great impact on science and 

technology by providing a new and unique tool. Although the ability of the STM to 

image and measure material surface morphology with atomic resolution has been well 

documented, only good electrical conductors are candidates for this technique. This 

significantly limits the materials that can be studied using STM and led to the 

development, in 1986, of the AFM by Binnig, Quate, and Gerber [6]. This enabled to 

study a wide range of materials including insulators and semiconductors.  

Atomic force microscopy: Atomic force microscopy grew out of the STM and today it is 

by far the more prevalent of the two. It probes the sample and make measurements in 

three dimensions, x, y and z (normal to the sample surface), thus enabling the presentation 

of three dimensional images of a sample surface. This provides a great advantage over 

the conventional (optical or electron) microscopes. With proper samples (clean, with no 

excessively large surface features), resolution in the x-y plane ranges from 0.1 to 1.0 nm 

and in the z direction is 0.01 nm (atomic resolution). AFM requires neither a vacuum 

environment nor any special sample preparation, and it can be used in either an ambient 

or liquid environment. The probe of an AFM typically contains a sharp tip (typically less 

than 5 µm tall and often less than 50 nm in diameter at the apex) located at the free end of 

a cantilever that is usually 100 to 500 µm long. Forces between the tip and the sample 
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surface cause the cantilever to bend, or deflect. A detector measures the cantilever 

deflections as the tip is scanned over the sample, or the sample is scanned under the tip. 

The measured cantilever deflections allow a computer to generate a map of surface 

topography. Several forces typically contribute to the deflection of an AFM cantilever. 

To a large extent, the distance regime (i.e., the tip-sample spacing) determines the type of 

force that will be sensed. Variations on this basic scheme are used to measure topography 

and investigate other material properties at nanoscales. There are numerous AFM modes 

including four primary and several secondary modes. In our present investigation, we 

used contact mode AFM (primary mode) and conductive-AFM (secondary mode) to 

characterize the phase-change thin films.   

2.3.2. Contact mode AFM 

The principle behind the operation of an AFM in the contact mode is shown in Fig. 2.5.  

A sharp tip made either of silicon or Si3N4 attached to a low spring constant cantilever is 

used. The tip is first brought (manually) close to the sample surface, and then the scanner 

makes a final adjustment in tip-sample distance based on a setpoint (determined by the 

user). The tip, now in contact with the sample surface through any adsorbed gas layer, is 

then scanned across the sample under the action of a piezoelectric actuator, either by 

moving the sample or the tip relative to the other (and the later method is adopted in our 

instrument). An extremely low force (about 10-9 N) is maintained on the cantilever, 

thereby pushing the tip against the sample as it scans.  

A laser beam aimed at the back of the cantilever-tip assembly reflects the cantilever 

surface to a split-photodiode, which detects the small cantilever deflections. A feedback 

loop, shown schematically in Fig. 2.5, maintains constant tip-sample separation by 

moving the scanner in the z direction to maintain the setpoint deflection (and without this 

feedback loop, the tip would crash into a sample with even small topographic features). 

By maintaining a constant tip-sample separation and using Hooke’s Law, the force 

between the tip and the sample is calculated. Finally, the distance the scanner moves in 

the z direction is stored in the computer relative to spatial variation in the x-y plane to 

generate the topographic image of the sample surface.  
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Fig. 2.5. Schematic diagram showing the operating principles of the AFM in the contact mode  
 

The photograph of our laboratory instrument, Veeco DI Dimension 3100, is shown in 

Fig. 2.6. This system includes the scanner, processor/controller (NanoScope IIIa), control 

screen and image display screen. A special table to isolate mechanical and acoustical 

vibrations was also necessary to perform high resolution imaging. 
 

 
 

Fig. 2.6. Photograph of the Veeco Dimension 3100 scanning probe microscope  
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2.3.3. Conductive AFM (C-AFM) 

The primary use of AFM is to image the topography of surfaces. However, by replacing 

the silicon or silicon nitride probes with suitable ones and modifying or incorporating 

additional units to the controller electronics, the conventional AFM can be used to 

measure other features (for example, electric and magnetic properties, chemical 

potentials, friction and so on), and also to perform various types of analysis. In the 

present investigation, we used such a secondary imaging mode called as conductive 

atomic force microscopy (CAFM) to characterize the electrical conductivity variations 

across the phase-change thin films. CAFM employs conductive probes (typically silicon 

or silicon nitride probes coated with metallic layers) and allows measuring sample 

currents in the range between a few pA and 1 µA.  
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Fig. 2.7. Schematic of a conductive atomic force microscope configuration 
 
Typically, a DC bias is applied to the sample, and the tip is held at ground potential 

(see Fig. 2.7). A high gain current amplifier connected in series with the conductive 

probe measures the sample current. While the z feedback signal is used to generate the 

regular contact AFM topography image, the current passing between the tip and sample is 

measured to generate the conductive AFM image.  

2.3.4. Writing crystalline mark pattern using AFM 
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Fig. 2.8. Trajectory of the tip over the film surface during the writing process of crystalline marks. 
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In contact mode scanning, the tip motion on the sample surface can be externally 

controlled by programming the controller by means of a nanolithographic technique. In 

our present study, arrays of crystalline marks were written on amorphous phase-change 

films using this facility. The trajectory of the tip during a typical writing process of 

crystalline marks is shown in Fig. 2.8. The (conductive) tip physically touches the sample 

surface only at selected points. Number of such points, the array area and the lift-up 

height of the tip from the surface (typically a few nm) were preprogrammed. At each   

tip-sample contact point, an electrical pulse is injected into the sample from tip to 

produce a crystalline mark. The pulse parameters such as amplitude and width can also 

be preset within the nanolithography program.  

2.4. IV CHARACTERISTICS AND PULSE-MODE PDR SWITCHING STUDIES 
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Fig. 2.9. Schematic of the electronic setup used for IV characteristic and pulse-mode PDR switching 
operations. 
 
Current-voltage (IV) measurements of the samples were performed with a homebuilt 

electronic setup shown in Fig. 2.9. GeSbTe layers containing Mo bottom-electrodes and 

Silver or aluminum top-electrodes were examined. A variable voltage source coupled 

with a current meter is used to apply or sweep voltages (typically < 1 V) across the 

sample and simultaneously measure the sample current. A Keithley 2601 source-meter is 

used for this purpose. A Stanford Research Inc. pulse generator (model: DG535) supplies 

voltage pulses of desired amplitudes and widths (amplitudes < 2 V and widths down to   

1 µs). The shape and polarity of the voltage pulses are monitored by an Agilent 
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Technologies DSO6052A oscilloscope. A computer controlled toggle switch connects the 

sample either to the pulse generator or the voltage source at a time. When examining the 

polarity-dependent resistance (PDR) switching in pulse-mode, positive and negative 

voltage pulses were alternatively supplied to the sample. After each voltage pulse, the 

sample was connected to the voltage source to measure the sample resistance. 

2.5. TRANSMISSION ELECTRON MICROSCOPY 

2.5.1. Introduction 

Transmission electron microscopy (TEM) is a powerful tool to characterize a material’s 

microstructure and crystal structure by imaging or diffraction techniques. In a 

conventional transmission electron microscope, a thin specimen is irradiated with an 

electron beam of uniform current density. Electrons are emitted from the electron gun and 

illuminate the specimen through a two or three stage condenser lens system. The 

objective lens is responsible for the first stage of diffraction pattern and image formation. 

The electron intensity distribution behind the specimen is magnified with a three or four 

stage lens system and projected on a fluorescent screen, where it can be viewed. The 

image can be recorded by direct exposure of a photographic emulsion or an image plate 

or digitally by a charge coupled device (CCD) camera. 

2.5.2. Image formation 

When an electron beam interacts with the specimen, a number of signals are generated as 

can be seen in Fig. 2.10, but only the elastically scattered electrons are in principle 

responsible for the TEM image. Images in an electron microscope form, when incident 

electrons are scattered by the specimen and focused by one or more electromagnetic 

lenses. Elastically scattered electrons are produced when electrons from the beam interact 

with the nuclei of the atoms in the specimen. By this scattering, the electrons undergo a 

relative large deviation in their path but little or no energy loss occurs. The velocity (ν) 

and wavelength (λ) of the electrons remain unchanged. Inelastically scattered electrons 

are those produced when electrons from the beam interact with orbital electrons of the 

specimen atoms. These electrons are characterized by a loss of energy (ν decreases and   



Chapter 2 

 36

λ increases) and only a slight deviation occurs in their path (< 10-4 radians). These 

electrons are generally related to specimen damage.  
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Fig. 2.10. Schematic representation of interactions of electrons from an incident beam with a thin 
specimen. Various reactions occur and signals are generated when a sample in the form of a thin foil is 
irradiated by an energetic beam of electrons. 
 

Inelastic scattering produces a continuous background noise and therefore will not 

contribute to first order approximation to the image formation. The image is only formed 

by electrons that are (once or more times) elastically scattered. These scattered electrons 

result in scattered beams which, together with the undiffracted beam, are projected on the 

fluorescent screen. For noncrystalline materials the scattering depends mainly on the 

mass thickness (product of density and thickness) of the specimen. Thick specimens, or 

those containing a large number of heavy atoms, scatter more electrons than ones that are 

thin or have low average atomic number. For crystalline materials the most important 

scattering is due to Bragg diffraction, which depends on the crystal structure and 

orientation with respect to the incident electron beam. In typical TEM specimens, since 

the viewed areas are thinner than 100 nm, most of the highly accelerated electrons pass 

through them without predominant inelastic scattering.  

2.5.3. Contrast formation 

Image contrast arises from a combination of two processes. Highly deflected, elastically 

scattered electrons are physically blocked by the objective aperture in the back focal 

plane of the objective lens. Dense or thick specimen regions appear dark because a large 

portion of the scattered electrons do not reach the image plane. This is called scattering 

(amplitude) contrast. Another type of contrast is called phase contrast. The phase of an 
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incident electron wave is changed by inelastic scattering and phase contrast is produced 

when this wave interferes with unscattered electrons. Specimens that are thin or mainly 

contain atoms of low atomic number are considered to be phase objects. Phase contrast 

imaging is used for high resolution TEM. 
 

Bright-field imaging Dark-field imaging

(a) (b)

Bright-field imaging Dark-field imaging

(a) (b)

 
Fig. 2.11. Schematic representation of (a) bright-field and (b) dark-field imaging. The image of the 
specimen is formed by selectively allowing only the transmitted beam in the case of bright-field 
imaging and diffracted beam in the case of dark-field imaging down to the microscope column by 
means of aperture. 

 
The standard imaging method in conventional TEM is bright-field imaging            

(see Fig. 2.11a). When operating in this mode the transmitted beam is selected with a 

small object aperture in diffraction space. In this way only the transmitted electrons 

impinge on the fluorescent screen and the image is, normally for a thin sample, bright. 

When instead of the transmitted a diffracted beam is selected with the objective aperture 

the image will be dark (see Fig. 2.11b). This is called dark-field imaging and only 

diffracted electrons are viewed on the screen. The origin of the image contrast is the 

variation of intensities of transmitted and diffracted beams due to the differences in 

diffraction conditions which depend on the local microstructural features.  

In crystalline specimens in preferred orientations, scattering of the incident electrons 

can occur in specific directions defined by the Bragg equation: nλ = 2dsinθ. Depending 

on the orientation of the crystal, scattered electrons may pass through the objective lens 

aperture and produce a bright area, or most commonly, the electrons may be blocked by 

the aperture, thereby producing a dark area. A crystal can be imaged with the primary 

beam (bright field) or with a Bragg reflection (dark-field). The local intensity depends on 
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the thickness, resulting in edge contours, and on the tilt of the lattice planes, resulting in 

bend contours, which can be described by the dynamical theory of electron diffraction. 

Particularly bend contours were observed in the crystals growing in amorphous phase-

change films. The amorphous films correspond to a uniform grey contrast, where the 

crystals due to diffraction contrast (in bright-field) are generally both brighter and darker. 

2.5.4. TEM apparatus 
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Fig. 2.12. Schematic representation of a typical transmission electron microscope 
 
Figure 2.12 is a schematic representation of a TEM. The electron beam is generated by 

the electron gun, which is typically a thermionic or a field emission source. The 

thermionic source consists of a tungsten filament or lanthanum hexaboride (LaB6) crystal, 

whereas in a field emission gun (FEG), the electron emission occurs from a very sharp tip 
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subjected to a high electric field. A FEG produces an electron beam with higher 

monochromaticity, higher spatial coherency and higher brightness than the thermionic 

source. The electrons emitted from the sources are accelerated to energies typically 

between 100 and 400 keV. The condenser lens assembly is used to create a parallel beam 

of electrons i.e. a uniform wave that can be adjusted in size and tilt in order to illuminate 

the specimen. The objective lens and its associated pole pieces is the heart of the TEM 

and the most critical of all the lenses. It forms the initial enlarged image of the 

illuminated portion of the specimen in a plane that is suitable for further enlargement by 

the intermediate lenses and projector lens. The total magnification is a product of the 

objective, intermediate and projector magnifications. However, the objective lens is most 

important for the quality of the magnification. The projector lens projects the final 

magnified image onto a fluorescent screen, where it can be monitored and it can be 

recorded on a photographic film, or can be detected by a sensor such as a CCD camera. 

2.5.5. Vacuum system of the TEM 

Another important element of the TEM is the vacuum system. The microscope column 

must be operated under high vacuum conditions. One of the main reasons is to avoid 

collisions between electrons of the beam and stray molecules. Such collisions can result 

in a spreading or diffusing of the beam or more seriously can result in volatization event 

if the molecule is organic in nature. Such volatiles can severely contaminate the 

microscope column especially in finely machined regions such as apertures and pole 

pieces that will serve to degrade the image.  

2.5.6. Specimens for TEM analysis 

When examining a specimen, the conditions that exist inside the TEM have to be 

considered, e.g. high vacuum, radiation damage and heat generated by the electron beam 

in the specimen. For a conventional TEM analysis, a specimen has to be reasonably dry 

and thin (typically 100 nm or thinner) for ensuring electron transparency. In material 

science/metallurgy the specimens tend to be naturally resistant to vacuum, but must be 

prepared as a thin foil, or etched so some portion of the specimen is thin enough to have 

sufficient transmission. Preparation techniques to obtain an electron transparent region 

include ion beam milling, wedge polishing and electrochemical polishing. The focused 
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ion beam (FIB) is a relatively new technique to prepare thin samples for TEM 

examination from larger specimens. Because the FIB can be used to micro-machine 

samples very precisely, it is possible to mill very thin membranes from a specific area of 

a sample, such as a semiconductor or metal. As part of the sample preparation, it is 

important to try and keep the sample in as near a natural state as is possible. Materials 

that have dimensions small enough to be electron transparent, such as thin films 

(thickness < 100 nm), nanosized powders or particles can be quickly produced by directly 

depositing them onto support girds or substrates containing electron transparent layers 

(e.g. carbon) or membranes (e.g. Si3N4). 

2.5.7. Analysis with JEOL 2010F TEM  

 
Fig. 2.13. Photograph of the JEOL 2010F transmission electron microscope 
 
In our present investigation, we used a JEOL 2010F TEM to analyze the crystallization 

properties of the phase-change films, an image of the equipment is shown in Fig. 2.13. 

TEM is a powerful tool to perform this analysis because the nucleation and growth can be 

analyzed independently unlike the other conventional techniques like X-ray diffraction 
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(XRD) or differential scanning calorimetry (DSC), which in fact provide the overall 

information on the crystallization process (without separate knowledge of the nucleation 

and growth processes). In the JEOL 2010F, the electron beam is produced from a FEG 

and normally operates at 200 keV acceleration voltage. The samples analyzed by TEM 

were typically 20 nm thick amorphous phase-change films (often sandwiched between    

3-nm thick dielectric layers) directly deposited on 25 nm thick Si3N4 membrane 

supported by Si substrates or 25 nm thick amorphous carbon films supported by 300 

mesh Cu grids. So, no further sample preparation was required. The samples were 

isothermally annealed within the column of TEM and the individual crystal nucleation 

and growth was monitored in bright-field image mode at 40 kX magnification (≈ 10.4 

square micron on the phosphor screen) and the images were recorded using a CCD 

camera. More specific information about the measurement strategy, samples, substrate 

types, annealing conditions, TEM holders and heating stage are given in the experimental 

parts of the concerned chapters. 

2.6. SCANNING ELECTRON MICROSCOPY 

Scanning electron microscopy (SEM) is one of the potential methods widely used for 

materials and surface analysis. It makes use of an energetically well-defined and highly 

focused beam of electrons that scans across the sample. The electrons interact with the 

atoms of the surface layers producing signals that contain information about the surface 

topography, elemental composition and other properties such as electrical conductivity. 

Most of the energy of an incident electron beam will eventually end up heating the 

sample (phonon excitation of the atomic lattice); however, before the electrons come to 

rest, they undergo two types of scattering: elastic and inelastic. Back scattered electrons 

are produced from the elastic scattering events. Inelastic interactions produce diverse 

effect including: 

• phonon excitation (heating)  

• cathodoluminescence (visible light fluorescence)  

• characteristic X-ray radiation  

• plasmon production (secondary electrons)  

• Auger electron production (ejection of outer shell electrons)  
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Figure 2.10 (though it is given for a thin foil) can also be referred for the various 

signals from the interaction volume due to the electron bombardment. However, the 

interaction volumes in TEM and SEM are principally different; compare Figs. 2.10 and 

2.14. In SEM, the interaction volume is a teardrop shaped volume of the specimen, where 

the primary electron beam interacts with the sample. This volume extends from less than 

100 nm to around 5 µm into the surface. The size of the interaction volume depends on 

the energy of the impinging primary electrons, the atomic number of the specimen and 

the specimen's density. Figure 2.14 schematically illustrates the interaction volume for 

various portions of electron-specimen interactions.  
 

 
 

Fig. 2.14. Interaction volume showing the regions of various electron-specimen interactions. 
 

By detecting the signals coming out of the sample with suitable detectors, several 

types of information can be extracted. A schematic diagram of a typical SEM setup is 

given in Fig. 2.15. A detailed description of the technique and background theory can be 

obtained from Ref. 7, however a brief overview is given here. The electron beam (with an 

energy range up to 40 keV) is generated typically from a thermionic electron source or a 

FEG. The electromagnetic lens system (condenser and objective) focuses the beam into a 

very fine spot with sizes of 1 to 10 nm. A set of scan coils (or deflector plates) placed 

closer to the objective lens is used to deflect the beam in two orthogonal lateral directions 

so that it scans a rectangular area of the sample surface. Electronic devices are used to 

detect, amplify and display the signals from the sample as an image (or 2D plot) on a 
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display screen (cathode ray tube) in which the raster scanning is synchronized with that 

of the microscope. The image displayed is therefore a distribution map of the intensity of 

the signal being emitted from the scanned area of the specimen. The image may be 

captured on a photographic plate from a high resolution cathode ray tube, but in modern 

machines it is digitally captured and displayed on a computer monitor.  
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Fig. 2.15. Schematic representation of a typical scanning electron microscope system 
 

The most common imaging mode collects the low energy (< 50 eV) secondary 

electrons. Due to their low energy, these electrons originate from the top few nanometers 

below the sample surface [7]. These electrons are typically detected by an Everhart-

Thornley detector [8] which is a type of scintillator photomultiplier device. The 

brightness of the signal depends on the number of secondary electrons reaching the 

detector. If the beam enters the sample perpendicular to the surface, then the activated 

region is uniform about the axis of the beam and a certain number of electrons escape 

from the sample. As the angle of incidence increases, the escape distance of one side of 

the beam will decrease, and more secondary electrons will be emitted. Thus steep 
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surfaces and edges tend to be brighter than flat surfaces, which results in images with a 

well defined three dimensional appearance.  
 

 
Fig. 2.16. Photograph of the Philips XL 30 S scanning electron microscope 
 

Elemental composition analysis is the second most commonly used feature of SEM, 

called EDX (energy dispersive X-ray spectrometry). X-rays are emitted when the electron 

beam removes an inner shell electron from the sample, causing a higher energy electron 

to fill the shell, whereby energy is released. These characteristic X-rays, detected by an 

X-ray analyzer, are used to identify the elemental composition of the sample. In our 

investigation, we used Philips XL 30 S SEM equipped with a field emission gun; an 

image of this machine is shown in Fig. 2.16. The maximum accelerating voltage of this 

SEM is 30 kV. The scanning probes of the atomic force microscope were often examined 

with this microscope in the secondary electron imaging mode. A very large depth of 

focus and a wide range of magnification (25 to 250,000 times) provided by this 

microscope were advantageous in analyzing the pyramid-shaped AFM probes. 
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