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Abstract – Résumé 

Title: Advanced Characterization for the Development of Innovative Non-Volatile Memories 

Abstract 

The development of innovative Non-Volatile Memory technologies (NVM) has become 

crucial as the amount of data required to be stored and processed is rapidly increasing. Among 

the several innovative NVM candidates, the Phase-Change Memory (PCRAM) demonstrated 

to be the most promising one, providing the solutions in the domain of stand-alone 

(e.g., Storage Class Memory) and embedded (e.g., microcontrollers) applications. PCRAM 

device structure is based on phase-change material integrated between two electrodes and 

undergoing the amorphous-to-crystalline phase change transition. The material engineering of 

such an integrated material plays the fundamental role in PCRAM device performances. In 

recent years, Ge-enriched or Nitrogen-doped GeSbTe (GST) alloys have demonstrated high 

thermal stability allowing the PCRAM device applications in the high-demanding automotive 

domain. Although the outstanding performances of PCRAM device with such integrated 

material have been reported, the deep investigation of material structure is still missing and 

the full understanding of crystallization mechanisms in such alloys represents a very active 

research topic.  

This work aims at the thorough structural investigation of GST phase-change alloys targeting 

the high temperature stability. We study two main groups of materials: Ge, Sb and Te 

elemental systems and Ge-rich GST alloys. First, we focus on the characterization of the 

material structure and its evolution as a function of controlled thermal budget. Then, we 

report on the effect of Nitrogen (N) doping. We combine optical (Raman and Fourier 

transform infrared spectroscopy) and X-ray (X-ray diffraction, X-ray absorption 

spectroscopy) characterizations along with transmission electron microscopy and “ab initio” 

simulations in order to provide a complete and unique insight of the material structure. The 

investigation of Ge-rich GST alloys allows to describe several phenomena occurring during 

the crystallization process (i.e., Ge atoms diffusion, GST and Ge phases segregation, their 

nucleation and growth) and their dependence on Ge content in the alloy. The studies of 

elemental systems upon N doping present the effect of N incorporation on Ge, Sb and Te 

structure and describe the formation of N bonding. The results from N-doped elemental 

systems are applied to evaluate the N impact on the structure of complex Ge-rich GST alloys. 

The results of this work provide deeper understanding of GST alloys, highlighting the 

complementarity of used characterization techniques. Finally, future perspectives of GST 

alloys investigations are provided, suggesting further options of GST alloys engineering as 

well as the combination of characterizations, which can be employed.  

 

Key Words: Phase-Change Memory, Ge-rich GST alloys, Nitrogen doping, FTIR 

spectroscopy, Raman spectroscopy, X-ray Diffraction. 
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Titre: Caractérisation Avancée pour le Développement des Nouvelles Mémoires 

Non-Volatiles 

Résumé 

L‘accroissement significatif du volume des données numériques à stocker et à traiter conduit 

au développement de technologies innovantes de mémoires Non-Volatiles (NVM). En 

particulier, des Mémoires à Changement de Phase (PCRAM) semblent les plus prometteuses, 

adaptées aux applications autonomes (Storage Class Memory) et embarquées 

(micro-contrôleurs). Un dispositif PCRAM est organisé autour de l‘élément clé qu‘est le 

matériau à changement de phase, matériau dont le choix et les caractéristiques déterminent 

pour une large part les performances du dispositif. Ces dernières années, des matériaux 

GeSbTe (GST) enrichis en Ge et dopés par de l‘azote (N) ont notamment démontré une 

stabilité thermique compatible avec les exigences des PCRAM embarquées pour le domaine 

automobile. Les performances des dispositifs PCRAM intégrant ces matériaux ont fait d‘objet 

de publications, mais la compréhension fine de la structure et du mécanisme de cristallisation 

reste un sujet de recherche très actif.  

L‘objectif de ce travail est de contribuer à l‘étude structurale approfondie des matériaux à 

changement de phase à base de GSTet caractérisés par une stabilité thermique compatible 

avec les applications embarquées. Nous avons particulièrement étudié deux groupes de 

matériaux : les systèmes élémentaires Ge, Sb et Te et les alliages GST enrichis en Ge. La 

combinaison des techniques d‘analyse optiques (spectroscopies Raman et infrarouge), par 

rayons X (diffraction; spectroscopie d‘absorption), par faisceau électronique (microscopie 

electronique en transmission) et des simulations « ab initio » nous a permis de caractériser 

finement la structure des matériaux et son évolution en fonction de la température, puis de 

révéler l‘influence du dopage azote. L‗étude de la cristallisation du GST enrichi en Ge a mis 

en évidence la coexistence et la compétition de plusieurs mécanismes dont l‘influence relative 

dépend de la teneur en Ge dans les alliages. L‘étude des systèmes élémentaires dopés par 

azote a permis de démontrer l‘influence du dopage sur la structure et d‘identifier la formation 

de liaisons élément-N. Ces résultats ont ensuite été étendus à l‘étude de l‘impact du dopage 

azote sur la structure de systèmes plus complexes de GST enrichis en Ge. Les résultats de 

cette thèse illustrent l‘apport des différentes techniques analytiques et de leur combinaison à 

la compréhension fine de la structure et des mécanismes de cristallisation des matériaux à 

changement de phase. 

 

 

 

Key Words : Mémoires à Changement de Phase, alliages GST enrichis en Ge, dopage Azote, 

Spectroscopie Infrarouge, Spectroscopie Raman, Diffraction des rayons X 
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Introduction 

In the digital era of the today‘s world, the rapid development and increasing number of 

electronic devices requires to handle huge amount of data. Indeed, the International Data 

Corporation predicts the amount of processed data to be to 175 zettabytes by 2025 [1]. The 

necessity to a store large amount of information in a limited space thus becomes increasingly 

crucial, leading to the development of innovative Non-Volatile Memory technologies (NVM) 

for both data storage and processing. Non-volatiliy of such technolgies provides the advantage 

that data storage does not need a constant power supply. The family of NVM significantly has 

expanded over the last years, using novel switching mechanisms, in order to achieve higher 

reliability, performance and scalability to the ultimate nanoscale level compared to the 

memory technologies present on the market. Among the innovative NVM candidates, the 

Phase-Change Memory (PCRAM) demonstrated to be the most promising one, fulfilling the 

increasing requirements in terms of higher densities and speed, lower power consumption and 

final device cost. Entering the market in the domain of stand-alone memories such as Storage 

Class Memory (SCM), PCRAM showed to be able to fill the gap between Non-Volatile 

storage (e.g., Flash and Hard-Disk Drives), while operating almost as fast as high 

performance Volatile Dynamic Random Access Memory (DRAM) devices. Recently, 

PCRAM has proved its maturity also for the embedded Non-Volatile Memory applications, 

demonstrating the potential for automotive grade applications or artificial intelligence 

systems.  

The PCRAM device structure is relatively simple and consists of an active phase-change 

material sandwiched between two electrodes. The fundamental principle of PCRAM device is 

based on resistivity the change between an amorphous and a crystalline phase of the 

integrated phase-change material, allowing the non-volatile storage of the information in the 

device. The choice and engineering of the phase-change material plays a crucial role in tuning 

the PCRAM device performances. PCRAM device technology still faces technological 

challenges, in particular for embedded application demanding low power consumption and 

high temperature stability, such as the automotive industry. These challenges give rise to 

several objectives for material optimization. Among the main ones, we can name the 

improvement of the thermal stability of the phase-change material, thus the data retention and 

the reduction of the programming current of the PCRAM device. The most largely studied 

phase-change alloys comes from Ge-Sb-Te ternary system with Ge2Sb2Te5 as the common 

reference alloy. While the material properties of Ge2Sb2Te5 are not sufficient to achieve the 

requirements of embedded applications, the optimization of this alloy has shown excellent 

results in recent years. In particular, the most promising achievements concerning the 

improvement of the data retention were reported for Ge enrichment and for the Nitrogen (N) 

doping of Ge2Sb2Te5 or other GeSbTe (GST) alloys. Although such optimized alloys enabled 

the introduction of phase-change materials in embedded PCRAM device demonstrating the 

outstanding performances reported in literature, the material structure and the crystallization 

mechanisms of such innovative phase-change materials still pose the questions, concerning:  

- Structural arrangement of both amorphous and crystalline phases of Ge-rich GST 

alloys and the related structural changes upon applied thermal budget 

- Crystallization mechanisms in Ge-rich GST alloys and their dynamics 

- Effect of nitrogen doping on the structure and properties of Ge-rich GST alloys 

(e.g., formation of nitrogen bonding) and strucutral changes of the system upon 

applied thermal budget.  
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Some works have been reported recently on (N-doped) Ge-rich GST alloys, studying the Ge 

atomic diffusion and presenting the Ge and Ge2Sb2Te5 phase segregation at higher 

temperatures (~400 °C) [2–4]. It was suggested that the system evolution is driven by primary 

nucleation and crystal growth of Ge phase in excess, followed by the crytallization of the GST 

cubic phase. The crystallized system was then described by large grains of GST in the matrix 

of small Ge nanocrystals. However, these structural investigations focus only on the analyses 

of the crystallization phase of Ge-rich GST alloys, provided by X-ray Diffraction and 

Transmission Electron Microscopy with Energy-Dispersive X-ray characterization 

techniques. Nevertheless, the structural changes may appear already in the amorphous phase 

of the material, far before the phase segregation and crystallization can be observed. 

Therefore, probing the amorphous phase along with the crystallization phase by various 

characterization techniques is required in order to complete the analyses of (N-doped) Ge-rich 

GST alloys. 

This work focuses on the investigation of the structure and the crystallization mechanisms of 

innovative phase-change materials targeting high temperature stability. The thesis presents the 

characterization of two main groups of materials: a) Ge, Sb and Te elemental systems; b) 

Ge-rich GST alloys. Further, N doping effects are investigated in these materials, i.e, in both 

elemental and complex systems. The 100 nm-thick layers are characterized by combination of 

several characterization techniques, i.e., Raman and Fourier Transform Infrared Spectroscopy 

(FTIR), X-ray Diffraction (XRD) and Transmission Electron Microscopy with 

Energy-Dispersive X-ray Analysis (TEM-EDX), accompanied by Spectroscopic Ellipsometry, 

X-ray Absorption Spectroscopy (XAS) and by “ab initio” simulations. The understanding of 

material structure, bonding arrangements and phenomena during the amorphous-to-crystalline 

phase transition allows to highlight the key material characteristics responsible for higher 

thermal stability and thus for enhanced data retention of final PCRAM device. Also, it allows 

to identify the intrinsic material limits, opening new ways for material optimization for 

different PCRAM device applications.  

Chapter 1 introduces the general principles of PCRAM technology. First, we present the 

technological characteristics and the desired performances of the PCRAM device. Further, we 

focus on the integrated phase-change material, describing the theoretical background related 

to different phases of the material, i.e., amorphous, crystalline and liquid phases, as well as 

the general physics of the crystallization mechanism. Ge-Sb-Te system is presented as the 

most common group of phase-change materials, introducing common reference alloys, 

i.e., binary GeTe and Sb2Te3 along with ternary Ge2Sb2Te5. We further discuss the possible 

ways of GST alloys engineering either by changes in stoichiometry or by addition of other 

elements, allowing to enhance the material properties related to the final PCRAM device 

performances.  

Chapter 2 presents the characterization of phase-change materials. It introduces the basic 

principles and the application of different characterization techniques, which are employed in 

this work, suitable for the investigation of both amorphous and crystalline phases of elemental 

systems and GST alloys. In this part, we present the advantages and the challenges of the 

different characterizations and we highlight the main structural information, which can be 

obtained by the material analysis. We demonstrate the practical application of these 

techniques on the known GST alloys. We present some results previously reported in 

literature, which provide the base of information for the investigation performed in the 

chapters 3 and 4 of this thesis.  

Chapter 3 focuses on the Ge, Sb and Te elemental systems. We study undoped Ge, Sb and Te 

structures, analyzing the main structural features. We further follow their structural evolution 

upon N doping, highlighting the different effects of N in each elemental system. Moreover, 

the spectroscopic features related to the formation of X-N bonding (X = Ge, Sb or Te) are 
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identified. The experimental data are supported by “ab initio” simulations of related ideal 

nitride structures. The studies of the stability of both undoped and N-doped elemental systems 

as a function of temperature and time are performed, highlighting the remarkable stability of 

Ge-N bonds in N-doped Ge elemental system. This chapter provides the fundamental 

spectroscopic analyses of elemental systems doped with N, which can be further applied in 

the analysis of the effects of N doping in more complex systems, such as GST ternary alloys 

in PCRAM device technology, or generally inthe alloys based on Ge, Sb or Te elements.  

Chapter 4 is dedicated to the investigation of undoped and N-doped Ge-rich GST alloys. First, 

the structure of undoped Ge-rich GST is described, using the comparison with reference 

Ge2Sb2Te5. The structural evolution of both alloys is observed as a function of temperature, 

allowing the identification of main stable structural units in Ge-rich GST. The results provide 

a description of the overall crystallization mechanism in Ge-rich GST alloys. Further studies 

are performed on Ge-rich GST with large range of Ge enrichment in order to investigate the 

effect of Ge content. These studies highlight the enhanced or reduced effects of different 

competing phenomena, which occur during the structural evolution and following 

crystallization of the system, and their dependences on Ge content. Second, the investigation 

of N-doped Ge-rich GST alloys as a function of temperature and N content demonstrates the 

effect of N doping on the described structural evolution and crystallization mechanism and 

highlights the formation and the role of Ge-N bonds in the alloy. This chapter contributes to 

the description of the structure and bonding arrangements in GST alloys and provides better 

understanding of bonding reorganization and crystallization mechanism, which gave rise to 

long debates until today.  

Finally, chapter 5 provides the general conclusions, highlighting the main results of this work 

and suggesting some perspectives for further material investigation and characterization of 

GST alloys.  
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1 Chapter 1 

 

Phase-Change Memories: Principle and 

Technology 

Phase-Change Memory (PCRAM) employs an innovative functional concept relying on the 

reversible transition between amorphous and crystalline phase of an integrated chalcogenide 

phase-change material sandwiched between two electrodes. This reversible phase transition is 

achieved by Joule heating and it is accompanied by large contrast in electrical resistivity. 

Owing to this simple concept and the oustanding performances, the PCRAM technology have 

been attracting a lot of attention, becoming the most promising candidate for the next 

generation of Non-Volatile Memory technology.  

In this chapter, we provide an overview on PCRAM technology and integrated phase-change 

materials. We first first introduce the current NVM technologies and we highlight the 

outstanding qualities of PCRAM. After, we describe the principles and functionality of 

PCRAM device, its technological characteristics, applications and major challenges. In the 

second part, we focus on the phase-change material integrated in the PCRAM device. We 

introduce the general concepts of the phases as well as the transition mechanisms involved in 

the phase-change phenomena. We introduce the most common materials from Ge-Sb-Te 

system (i.e, binary GeTe and Sb2Te3 and ternary Ge2Sb2Te5 alloys) and we describe the 

possibilities of material engineering by stoichiometric variations and elemental doping, 

allowing to overcome the technological challenges of PCRAM device.  
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1.1 Emerging Non-Volatile memories 
Semiconductor memory has always been an indispensable component of modern electronic 

systems enabling to store the data either in volatile or non-volatile way. Volatile memories 

need the constant power supply to hold the stored information. On the contrary, Non-Volatile 

Memories (NVM) retains the stored information even when the power supply is turned off. 

The main representatives of Volatile Memories are Dynamic Random-Access Memory 

(DRAM) and Static Random-Access Memory (SRAM), while Flash Memories (NOR and 

NAND) belong to the NVM group, both representing the dominant solid-state memory 

technologies over the last decades. 

The family of NVM significantly expanded over the time in an effort to fulfill the changing 

trends of the market and the increasing requirements in terms of higher densities and speed, 

lower power consumption and final device cost [5]. Intensive material research allowed the 

development of several candidates for new emerging NVM technologies (Fig. 1.1) using 

innovative concepts for the data storage, such as the direction of the magnetic orientation 

(magnetic memories MRAM, spin torque transfer memories STT-RAM), the electric 

polarization of a ferroelectric material (ferroelectric memories FeRAM) or the resistance 

changes (resistive memories ReRAM: conducting bridge memories CBRAM, oxide-based 

memories OxRAM, phase-change memories PCRAM) [6,7]. While some candidates are 

mature enough to be already present on the market, others are still in development or 

exploration phase. Nevertheless, the emerging NVM technologies are considered as the 

possible replacement for the dominant solid-state Flash memories. Emerging NVM takes the 

advantage of higher operation speed, lower programming voltages, higher scalability and 

back-end-of-line (BEOL) integration [6,8–11]. Today, two domains are mainly focused for 

emerging NVM applications:  

- Stand-alone applications, in particular the Storage Class Memory (SCM), filling the 

performance gap between volatile DRAM and non-volatile NAND in memory 

hierarchy; 

- Embedded applications, in which the memory device is directly integrated on the chip 

during the manufacting process.  

Along with the development of new NVM technologies, the market for the memory devices 

also expanded from computing to wider range of applications, such as automotive 

micrcontrollers, artifitial intelligence, neuromorphic computing, photonics or information 

technology in health care [8,11–14]. Moreover, new memory devices based on organic and 

polymer materials are investigated, providing the new class of NVM technologies with large 

flexibility, suitable for applications in different kinds of flexible electronics [7,8]. 

PCRAM, in particular, has demonstrated to be the most promising among the emerging NVM 

technology. STTRAM features high switching speed (<10 ns) and high endurance 

(>10
12

 cycles) however, suffers from lower scalability, worse data retention and problems 

with thermal budget for BEOL integration. ReRAM provides good scaling ability; however it 

demonstrates lower endurance (10
6
 cycles), high read current noise and poor reliability (low 

data retention due to programming current). In comparison, PCRAM demonstrated relatively 

high endurance (10
9
 – 10

12
) when still maintaining high switching speed (<10 ns). PCRAM 

features much higher resistance change between the two memory states than MRAM, while 

providing lower resistance noise than ReRAM [7,8,10]. Moreover, PCRAM takes advantage 

from good scalability owing to both 3D integration and multilevel cell storage and high 

temperature data retention achieved by material optimization, which is decribed more in detail 

in the section 1.3.3. The maturity of PCRAM is demonstrated by their successful introduction 

on the market in both SCM and embedded application, discussed in the section 1.2.5. 
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Fig. 1.1: Flow chart of the semiconductor memory classification, highlighting the PCRAM between emerging 

Non-Volatile Memory technologies.  

1.2 Phase-change Memories 
Phase-Change Memories (PCRAM) are considered today as the most promising among the 

emerging NVM technologies. Their origin dates back to late 1960s to the research on the 

electronic properties on amorphous Te-As-Si-Ge chalcogenides made by Ovshinski [15]. He 

demonstrated the significant contrast in optical and electronic properties between the 

amorphous and crystalline phases of the alloys and suggested to exploit such properties for 

possible data storage. The first attempts to develop the PCRAM device continued in early 

1970s, owing to the rapid expansion of computer applications. However, these first PCRAM 

devices showed slow transition speed and high programming currents resulting in huge power 

consumption during the programming operations. For these reasons, they were never 

commercialized. The interest in PCRAM device development was renewed from 1990s with 

the development of Ge-Sb-Te (GST) alloys, in that time exploited in phase-change technology 

for rewritable optical disks applications (CD‘s, DVD‘s, Blu-Ray disks). Ge-Sb-Te alloys 

showed the ability to switch between the amorphous and crystalline phase in tens of 

nanoseconds, several orders of magnitude faster than former PCRAM device prototypes from 

1970s. The renewed approach for the development of PCRAM device was based on 

electrically induced phase change in the integrated GST alloy and the association of the stored 

information to the resistance values of the amorphous and the crystalline phase. In order to 

exploit the PCRAM in solid-state memory devices, the memory element (PCRAM device) 

must be coupled with a selecting device, which allows to select the individual memory 

element for reading and writing. Metal–Oxide–Semiconductor Field Effect Transistors 

(MOSFETs), Bipolar Junction Transistors (BJTs), Diodes, and recently also Ovonic 

Threshold Switch (OTS) have been proposed as suitable selectors [5,16,17]. 
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1.2.1 PCRAM principle and structure 

The structure of the PCRAM device is based on a thin layer of a phase-change material, 

which is sandwiched between two electrodes (Fig. 1.2). The fundamental principle of the 

PCRAM device is the reversible transition between amorphous and crystalline phase of the 

phase-change material. The application of electrical pulses on the bottom electrode produces 

the Joule effect, providing a precisely controlled amount of heat and reaching local 

temperature increase in the integrated material, thus inducing the phase change. 

Starting from the amorphous phase, an applied electrical pulse increases the temperature in 

the active region of the material above the crystallization temperature (Tx), therefore, the 

crystallization process occurs (i.e., SET operation). The applied pulse shall be long enough to 

achieve the crystallization of the entire amorphous material (Fig. 1.3). Melt-quenching 

process is employed for material amorphization (i.e., RESET operation). First, a high and 

sharp electrical pulse induces the melting of the phase change material, i.e., the temperature 

within the PCRAM device reaches above the melting temperature (Tm) of the integrated 

material (usually at about 600 °C for common phase-change materials). Once the 

phase-change material is molten, it must be rapidly quenched below glass transition (Tg) 

temperature in order to reduce the atomic mobility and preserve the disordered amorphous 

phase. Both amorphous and crystalline phases are stable and thus they are used to store the 

binary information, i.e., logical states 0 and 1, corresponding to amorphous phase and 

crystalline phase, respectively. The amorphization process is usually very fast (few tens of 

picoseconds). On the contrary, the crystallization takes typically much longer (tens to 

hundreds of nanoseconds) and therefore becomes a crucial step of the writing process. 

The phase transformation is accompanied by large electrical and optical contrast. While the 

optical contrast (i.e., change of the reflectivity) is widely employed in the optical data storage, 

the electrical contrast (i.e., change of resistivity) is used to store the information in case of the 

PCRAM device (Fig. 1.2). The amorphous phase is high-resistive, reaching the resistivity 

values of three or four order of magnitude higher than low-resistive crystalline phase [17–19]. 

The resistance state of the PCRAM device is read with a sufficiently small current pulse 

(i.e., READ operation), which does not modify the programmed state.  

 

 
 

 
Fig. 1.2: (left) The cross-section schematic of the PCRAM device with a phase-change material (GST) 

sandwiched between top and bottom electrode, highlighting the active region in the GST material above the 

heater; (right) Resistivity vs Temperature measurements demonstrating the phase transition from high-resistive 

amorphous phase to low-resistive crystalline phase of GST material [5].  
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Fig. 1.3: Illustration of PCRAM device operational principle: Crystallization requires a long current (SET) 

pulse reaching the temperature in the phase-change material above its temperature of crystallization (Tx). 

Amorphization is achieved by a short intense (RESET) pulse melting the material, (i.e., increasing the material 

temperature above the melting point Tm) followed by fast cooling. Low current pulse is applied to perform READ 

operation [9]. 

1.2.2 Threshold switching 

The threshold switching represents a key phenomenon in electrical characteristics of 

amorphous chalcogenide materials. Current-Voltage curve (Fig. 1.4) illustrates the response 

of a PCRAM device in its amorphous phase to an applied voltage. For small voltages 

(i.e., subthreshold region), only a marginal current flows through the PCRAM device. High 

resistivity of the amorphous state in this region leads to low heat dissipation in the device, 

which makes material crystallization at such small voltages practically impossible. At a 

specific voltage, called Threshold Voltage (Vth), the amorphous phase undergoes an abrupt 

change of conductivity, i.e., the electronic threshold switching. Longer pulse application then 

produces enough Joule heating to crystallize the phase-change material. The threshold 

switching phenomenon leads to abrupt change of conductivity in the amorphous material, 

enabling much larger current flowing in the PCRAM device, which allows the SET and 

RESET programming of the PCRAM device at reasonably low voltages [6].  

 

 
Fig. 1.4: Current-voltage curve of a phase-change material initially in the amorphous phase. Only a marginal 

current flows at small voltages (amorphous OFF). Abrupt change in conductivity is achieved at the threshold 

switching, allowing much larger current flow in the material (amorphous ON). Longer voltage application leads 

to the material crystallization (Memory switching) [20].  

SET 

pulse

RESET 

pulse

READ

Amorphous 

phase

Crystalline 

phase

Amorphous 

phase

T
e
m

p
e
ra

tu
re

, 
R

e
s
is

ta
n

c
e

Tx

Tm

Ω

Ω

Ω



19 

1.2.3 Technological characteristics of PCRAM 

As described in the section 1.1, the PCRAM device features promising performances among 

the emerging NVM technologies. In particular, the PCRAM provides:  

- high contrast between RESET and SET states 

- high switching speed 

- high data retention 

- high endurance 

- low programming current 

High resistivity contrast (usually three or four orders of magnitude) between the RESET and 

SET states is required in order to distinguish the recorded information during the read 

operation. Data retention performance is driven by the stability of the amorphous phase and 

the Tx of the phase-change material. The materials with low Tx (i.e., low stability) may 

undergo a spontaneous crystallization and therefore would not be able to guarantee the code 

integrity. Resistance drift represents another issue concerning the amorphous phase stability. 

This phenomenon is assigned to the structural relaxation of the amorphous phase upon ageing 

in time (i.e., the reduction of local structural defects, described in the section 1.3.1), which 

leads to changes in electrical properties and causes the increase of the amorphous phase 

resistance [21,22]. Although the resistance drift is likely related to structural relaxation, the 

physical mechanisms are not clear and structural studies or ab initio simulations are lacking. 

The reliability and the endurance of the PCRAM device is expressed by number of performed 

write/read cycles (cyclability). Repeated cycling induces structural changes in the integrated 

phase-change material, such as the elemental segregation, the formation of 

element-rich / -poor regions near one of the electrodes and the void formation over the bottom 

electrode. These changes represent the failure mechanisms in PCRAM, when the device can 

no longer be switched between the resistive states, thus leading to poor endurance. 

PCRAM can be relatively demanding in terms of energy consumption. Reset programming 

current should reliably achieve the melting of the active region of the device. The reset 

current is determined by various material properties (e.g., melting temperature, thermal 

conductivity) as well as by the PCRAM device structure. However, high programming current 

values impose stringent requirements on integrated selector device and its size (i.e., larger 

selector area). The reduction of the programming current is therefore necessary in order to 

achieve both high memory array density and low power consumption in PCRAM device, and 

it represents one of the key challenges for large adoption of the PCRAM technology [5,23].  

The PCRAM device performances demonstrate to be closely linked with the properties of the integrated 

integrated phase-change material. The PCRAM device performances associated with the specific material 

specific material properties are summarized in  
Table 1-I. However, the requirements on PCRAM device performances are sometimes 

conflicting. The relationship between the thermal stability and the switching speed represents 

a typical example. The increase of the crystallization temperature of the phase-change 

material and hence the stability of the amorphous (RESET) phase can be achieved by the 

optimization of the material composition (changes in stoichiometry, doping). However, this 

change is accompanied by an increase of the crystallization time, i.e., SET speed, which needs 

to be taken into account. The optimization of material properties and hence PCRAM device 

performances thus needs to find a necessary compromise.  

The PCRAM performances and their challenges also depend on particular PCRAM 

application requirements. Indeed, the requirements in stand-alone applications are more 

oriented to endurance and switching speed, while the embedded applications are much more 

stringent in terms of the data retention at high temperatures, as listed listed in 

Table 1-II.  
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Table 1-I: Relation between the performance of PCRAM device and the properties of integrated phase-change 

material.  

PCRAM performance Phase-change material property 

High data retention 
- High Tx and thermal stability of the amorphous 

phase 

High switching speed - Fast crystallization 

High cyclability 

- Equvalent material density of amorphous  

and crystalline phase 

- Material stability (reduced elemental migration 

and material segregation) 

Low power consumption 
- Moderate Tm 

- Low thermal conductivity 

 

Table 1-II: PCRAM device performance requirements for stand-alone data storage and embedded memory 

applications [19,24,25].  

 Stand-alone data storage Embedded memory 

Applications Storage Class Memory (SCM) Automotive industry (microcontrollers) 

Requirements 

- Operation temperature: 80 °C 

- Endurance: 10
9
 cycles 

- Switching speed: orders of ns 

- Temperature budget of 400 °C for 60 min 

(BEOL integration) 

- Preservation of programmed information 

during the soldering step at 260 °C for 2 min 

- Data retention: 10 years at 150 °C 

 

1.1.1.1 PCRAM device scaling 

Scaling of the device dimensions is an important step to increase the storage density. PCRAM 

technology showed to be a good candidate featuring such high scalability, allowing the device 

scaling down to nm size. However, the device scaling implies various technological 

challenges for both the device cell architecture and the integrated phase-change material. 

From the device point of view, carefulel ectrical and thermal engineering is necessary. 

Concerning the integrated phase-change material, it is important to evaluate the corresponding 

changes in material properties as a function of film dimensions: crystallization speed, thermal 

stability of amorphous phase and related crystallization temperature, melting temperature, 

thermal conductivity, electrical resistivity of both phases and threshold voltage [5,17].  

Indeed, the increase of the crystallization temperature and hence the improved stability of 

amorphous phase was observed in some phase-change alloys for the films thinner than 

10-15 nm. The choice of substrate and encapsulation materials starts to play an important role, 

as the influence of surfaces and interfaces on the crystallization behavior increases along with 

the importance of heterogeneous nucleation. For example, some metal encapsulation layers 

were found to reduce the crystallization temperature likely due to metal-induced 



21 

crystallization [17]. The reduction of melting temperature was demonstrated in GeTe thin 

layers, highlighting lower melting temperature of more than 100 °C for layer thicknesses of 

<10 nm, when compared to bulk. The decrease of the melting temperature was also reported 

for Sb70Te30 layers with the film thickness reduced from 70 to 10 nm [5]. The reduction of 

melting temperatures (while maintaining high crystallization temperatures) is technologically 

favorable, leading to reduced power requirements for the PCRAM device. The thermal 

conductivity values were also found to decrease with material thickness, owing to which the 

heating losses in the devices are reduced [17]. 

The ultimate scaling limit is reached for the layer thickness at which the phase change in the 

material does not occur anymore. Films as thin as 1-2 nm were demonstrated to be still 

success fully crystallized, highlighting the capability of phase-change materials to scale down 

to such small dimensions. Moreover, phase-change material nanowires and nanoparticles are 

investigated, likely providing further scaling possibilities [5,19,26–28]. 

1.2.4 PCRAM device engineering 

Although the PCRAM demonstrates the promising performances to be competitive on the 

market, their optimization is further necessary in order tofulfill the requirements of the as 

largest applications range as possible. Both the PCRAM device design and the integrated 

phase-change material can be engineered in order to provide the best final performances and 

to exploit the device scalability. Various cell design structures are suggested, balancing the 

thermal efficiency and the electrical characteristics. The reduction of the RESET 

programming current represents, in particular, one of the main challenges in PCRAM 

technology, as discussed in the section 1.2.3. The continual material research focuses on 

improving the phase-change material properties in terms of fast crystallization, high thermal 

stability and reduced material segregation. In the following, we briefly present these two key 

approaches of the PCRAM device engineering. 

1.2.4.1 Cell design optimization 

The PCRAM cell design requires the engineering of each element involved, i.e., top electrode, 

bottom electrode and/or heater, dielectric and phase change material in terms of material 

composition, thickness and the interaction and contact area at the interfaces. 

In general, the cell architectures are divided in two main groups: built-in heater and 

self-heating PCRAM. In the built-in heater structure, the contact area between the bottom 

electrode and phase-change material is reduced by using a heater element generating the 

heating necessary for the phase transition. Fine material engineering of the heater element is 

required as its material needs to be compatible with both bottom electrode and phase-change 

material. The self-heating architecture relies on the Joule heating generated directly inside the 

phase-change material. Its advantage is simpler structure and the absence of mechanisms 

related to the heater element; however, self-heating structures may require higher current 

densities. Some examples of different PCRAM device structures are shown in Fig. 1.5 and the 

thorough description of their mechanism can be found in [5,26,29–31]. 
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Fig. 1.5: Schematic representation of different PCRAM device architectures: (top row) built-in heater structures 

and (bottom row) self-heating structures [19,32–34]. 

The heating efficiency can be improved by varying the cell geometry and by the development 

of new device structures. As an example, Fig. 1.6 shows the basic PCRAM device structure, 

varying the heater length (Lh) and the phase-change material thickness (Lc), highlighting the 

calculated temperature map within the PCRAM device. Keeping the diameter of the heater 

constant, the optimal geometry was found for well-balanced Lh and Lc values, where the peak 

temperature is maximized at the interface between the heater and phase-change material. On 

the contrary, short and long Lh result in excess heating either of the phase-change material or 

of the heater, respectively [23].  

 

 
Fig. 1.6: Temperature maps in basic PCRAM cells varying the bottom electrode length (Lh) and phase-change 

material thickness (Lc). The sum Lh+Lc remains constant [23].  

Considering the PCRAM device architecture, the interfaces between the electrodes and the 

phase-change material represent one of the crucial points. Good adhesion between the 

electrodes and integrated phase-change material needs to be achieved. On the contrary, the 

interaction between the electrodes and phase-change material, in particular the interdiffusion, 

must be avoided. Careful engineering of the interface between the bottom electrode 

(or heater) and the integrated phase-change material is particularly necessary, as it is the 

region where the phase-change material is repeatedly melted and hence experiences the 

highest thermal stress during PCRAM device programming. Void formation and elemental 
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Built-in heater structures:
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segregation resulting in element-rich/-poor regions near electrodes are the common failures of 

the PCRAM device upon cycling. The importance of careful interface engineering even 

increases with the device scaling and thus the decreased thickness of the integrated 

phase-change material, as described in the section 1.1.1.1.  

1.2.4.2 Phase-change material engineering  

The PCRAM device performances are closely linked with the key properties of the integrated 

phase-change material, as presented in the section 1.2.3. For an identical PCRAM cell design 

and size, the optimization of the phase-change memory material is the first option to improve 

the device performances. The variation of the material stoichiometric composition, 

substitution by other elements or doping by additional elements are the possible ways to 

achieve the modifications of both thermal (e.g., Tx, Tm) and electrical (e.g., resistivity) 

properties of the integrated material and hence of the PCRAM device performances. The 

phase-change material engineering is described more in detail in the section 1.3.3. 

1.2.5 Applications, trends on the market 

In the last decade, the PCRAM technology has demonstrated its high industrial potential. 

Owing to the unique programming mechanism, PCRAM provides a wide set of interesting 

performances, such as fast programming speed, high endurance and excellent scalability 

[8,10,35], described in the sections 1.1 and 1.2. 3D integration of PCRAM can further 

increase its performance in terms of storage density. Indeed, owing to the two-terminal device 

structure, PCRAM can be implemented in crossbar architectures including the direct 

integration of OTS selecting device [7,23,36,37] (Fig. 1.7). Another prominent feature of 

PCRAM technology is the capability of multilevel-cell (MLC) storage [38]. The large 

resistivity contrast between the crystalline and amorphous phases of the integrated 

phase-change material allows the introduction of intermediate resistance states between the 

SET and RESET states. The intermediate resistance levels can be programmed by carefully 

controlling programming pulses, i.e., by varying the volume of the amorphized part of the 

phase-change material. Although the MLC storage in PCRAM device is still challenging, a 

reliable MLC storage of 4-level data has been successfully demonstrated [39]. 

 

 
Fig. 1.7: 3D crossbar array architecture of the PCRAM cell with the OTS selector and possible application for 

Storage Class Memories, Embedded applications and Neuromorphic systems [37]. 
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The maturity of PCRAM technology has been proven by its commercialization in the field of 

stand-alone SCM filling the performance/cost gap between memory and storage technologies 

(Fig. 1.8). Indeed, the memory technology, represented by volatile SRAM and DRAM, 

features high access speed but also high cost. On the other side, the storage class elements 

include Flash memories with hard disks (Solid State Drive (SSD) or Hard Disk Drive (HDD)), 

which are non-volatile with lower cost and slower access speed. In 2015, Intel and Micron 

developed 3D XPoint Memory technology, integrating the PCRAM (based on GST alloys) 

and OTS in crossbar arrays. This technology was later commercialized under the brand name 

Optane
TM

 (Fig. 1.9) [40]. It demonstrated to be up to 1000 times faster and to have up to 1000 

times greater endurance than NAND, while being ten times denser than DRAM [41]. 

Recently, the 2nd gen. XPoint Memory has been released [40,42].  

 

 
Fig. 1.8: (left) Write latency as a function of the cost for different volatile and non-volatile memories; (right) 

Memory hierarchy highlighting the relationship between performance, cost and storage capacity. The PCRAM 

as a Storage Class Memory (SCM) can fill the gap between memory and storage elements [43]. 

 
Fig. 1.9: The evolution of the storage capacity over the last decade for different types of NVM used in 

stand-alone and embedded applications. Intel Optane with storage capacity of 32 GB represents the stand-alone 

PCRAM. The 12 Mb PCRAM illustrates the development of the field of embedded PCRAM, achieved by 

STM/CEA-Leti [35]. 

Embedded applications become another domain, in which the PCRAM has already 

demonstrated its potential. PCRAM shows the advantage compared with the conventional 

Flash memory in terms of scalability and the possibility of BEOL integration. On the 

contrary, high-temperature data retention represents a major challenge for the PCRAM in 

embedded applications. Indeed, in addition to 10 years data retention at 85 °C, embedded 



25 

memory application requires the compatibility with the soldering step of the memory chip on 

the printed circuit board (thermal budget of 260 °C for 2 min). The automotive applications 

have even more stringent specifications, requiring several years of data retention at 150 °C. 

An optimization of GST phase-change alloys by increasing the Ge content brought promising 

results in matching the target data retention temperature for the PCRAM device. Although 

some challenges still need to be overcome (e.g., programming current, crystallization speed, 

resistance drift) [10], the first successful integration of PCRAM in 28nm FD-SOI technology 

for an automotive microcontroller chips has been recently demonstrated by 

STMicroelectronics (Fig. 1.9) [44,45].  

A quite novel field for PCRAM application can be found in neuromorphic computing systems 

[12,14,46,47]. In a conventional von Neumann computing system architecture, the processor 

is separated from the main memory (by von Neumann bottleneck), limiting the system in time 

and energy as the data are moved back and forth between the two units (Fig. 1.10). By 

contrast, novel non-von Neumann architecture in computing systems is proposed, inspired by 

the neural network of human brain. In the non-von Neumann scheme, the computing is done 

at the location of the data, i.e., the synaptic weights can be stored and adjusted directly in 

memory. The PCRAM device can provide the desirable characteristics, such as rapid, 

low-power programming of multiple levels, adequate data retention and high endurance. 

Moreover, the good scalability and the PCRAM device integration in dense crossbar arrays 

provide a possible path implementing highly efficient neuromorphic computing systems.  

 

 
Fig. 1.10: a) Von Neumann architecture of the computing system with a processor (CPU) and memory separated 

by Von Neumann bottleneck; b) Non-Von Neumann architecture, where the computing is done directly in data 

location, inspired by human neural network [46].  

1.3 Phase-change materials 
Phase-change materials are mostly amorphous chalcogenides, usually Te-based alloys, which 

can undergo reversible structural changes accompanied by large optical and electrical 

contrast. These contrasts upon phase transition along with the threshold switching mechanism 

(described in the section 1.2.2) were first observed in the As-Te-In and As-Te-Se alloys in 

1960s and such materials were suggested for use in memory devices [17]. A major 

breakthrough was reached in early 1990s by the exploration of alloys from Ge-Sb-Te ternary 

system, in particular the alloys lying on the pseudo-binary line between GeTe and Sb2Te3. 

These alloys showed large optical and electrical contrast and relatively fast phase transition in 

comparison with the previously studied alloys, leading to the rebirth of PCRAM technology. 

Another family of phase-change materials was based on compositions around the eutectic 

Sb2Te. A particular attention was paid to Ag/In-doped Sb2Te alloys (AIST) which found a 

wide use in optical data storage systems (DVD and Blu-Ray disks) [20,48–52]. Moreover, 
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non-chalcogenide materials based on Ge-Sb [53,54] and Ga-Sb [55–57] alloys were also 

found to exhibit the phase-change behavior.  

The development of new phase-change materials suitable for memory applications is still 

ongoing. Stoichiometry deviation and element substitution/doping have proven to be effective 

methods to modify the material properties of GST alloys. Partial or complete substitution of 

Ge and Sb by other elements from the same groups (In, Bi, Si, Sn) was investigated [58–63]. 

Light elements (C, N or O) [64–67] showed to be promising candidates for doping the GST 

alloys. Diverse transition metals (e.g., Mo, Ni, Zn, Cd, Cu, Ag) [68–75] were also studied as 

possible doping elements. Moreover, new promising ternary materials were suggested. For 

example, a particular interest has been recently paid to CrGeTe alloys that feature an inverse 

resistance change upon crystallization (i.e., low resistance of amorphous phase and high 

resistance of the crystalline phase) compared to the common GST alloys [76,77].  

A particular attention is paid especially to Ge enrichment and nitrogen doping of GST alloys, 

which demonstrated to greatly increase the temperature of crystallization and thus to improve 

the thermal stability of these alloys. These improvements are particularly interesting for 

PCRAM device in embedded applications and their stringent requirement on data retention 

over the extended temperature range. Both Ge enrichment and N doping are discussed more in 

detail in the section 1.3.3.  

Although the phase-change materials are mostly employed in promising PCRAM, their 

applications are much wider. Taking advantage of the high optical contrast upon phase 

transition, the phase-change materials were found to be suitable for multiple applications in 

optical and photonic devices, such as optical modulators, reconfigurable metasurfaces or 

tunable absorbers [13,78–82].  

1.3.1 Phase-Change Material structure 

The PCRAM device functionality is based on phase transitions of the integrated phase-change 

material, as presented in the section 1.2.1. Therefore, the general concepts of the involved 

phases, i.e., liquid, amorphous and crystalline phase, as well as the transition mechanisms 

need to be introduced.  

The phase-change process in the alloys can be described on the basis of glass formation 

concept (Fig. 1.11). When a melt (i.e., liquid phase) is quenched, it can solidify to form either 

a crystal or a glass, depending on the cooling rate. At a low cooling rate, the liquid solidifies 

creating the crystalline phase at the Tm, which is characterized by sharp discontinuity of the 

thermodynamics variables such as Enthalpy (H), Entropy (S) and molar Volume (V) of the 

system. On the contrary, a sufficiently fast cooling rate allows to avoid the crystallization and 

to transform the melt into a supercooled liquid below the Tm. The rapid temperature decrease 

is accompanied by large viscosity increase until the critical point called glass transition 

temperature (Tg), at which the supercooled liquid transforms into a glass. The atomic mobility 

becomes too small to allow the structural rearrangements required to reach the equilibrium 

and the material remains in frozen disordered state. Tg is commonly defined as the 

temperature, at which the viscosity equals 1⋅10
12 

Pa∙s and in general, Tg is roughly reached 

at ~2/3 Tm.  

The obtained glass is out of its thermal equilibrium and subject to ageing effects, i.e., the glass 

structure undergoes relaxation processes as a function of time, reducing the local defective 

structures produced by the particular quenching history and moving the system towards the 

equilibrium conditions (lower entropy values and more efficient use of space) [16]. These 

structural relaxation processes affect the stability of the amorphous phase of the material in 

the PCRAM device, causing the resistance drift, discussed in the section 1.2.3. 
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The glass formation is strongly connected with the temperature-dependence of the viscosity η 

of a material. A glass-forming liquid is called as strong when following an Arrhenius-like 

behavior:  

 𝜂 = 𝜂0 𝑒
𝛥𝐸𝐴
 𝑘𝐵𝑇  (1.1) 

where ΔEA represents the activation energy for viscosity, kB is the Boltzmann constant and η0 

is the high temperature limit of η. Glass-forming liquids possessing softer interatomic 

interactions (i.e., ionic, van der Waals) are called as fragile and display more complex 

behavior represented by bowed T-variation of viscosity leading to a high activation energy 

near Tg (Vogel-Tamman-Hesse-Fulcher behavior) [16]. The fragility index m is introduced as 

a measure of the deviation from the Arrhenius-like behavior. Several studies correlated the 

fragility index with crystallization behavior, showing that the rate of structural ordering 

accelerates near Tg for fragile liquids [83–86]. From this point of view, phase-change 

materials with rather a fragile-liquids behavior may appear favorable. 

 

 
 

Fig. 1.11: (left) Temperature dependence for the molar Volume (V), Entropy (S) and Enthalpy (H) of glasses and 

crystals. Starting from the liquid phase, an abrupt decrease of the values is observed at melting temperature (Tm) 

in case of crystal formation, while gradual decrease of the values continues until the point of glass transition 

temperature (Tg) in case of glass formation; (right) The temperature dependence of viscosity highlighting the 

Arrhenius-like behavior for strong liquids. Steeper dependence at Tg is characteristic for fragile liquids, the 

deviation from Arrhenius-like behavior is indicated by fragility (m) [84,87]. 

1.3.1.1 Glass forming tendency 

The attempts to search for the optimal glass forming compositions and to predict the 

properties of glass networks led to the development of the bond constraint theory, which was 

introduced in late 1970s [88]. This theory describes the rigidity of an amorphous covalent 

network based on its mean atomic coordination. Considering the liquids constrained only by 

bond-bending and bond-stretching interactions, the number of mechanical constraints per 

atom nc can be computed. If nc~3, corresponding to the degrees of freedom per atom in 3D 

space, the glass is optimally constrained and glass formation with minimal enthalpic changes 

can be expected. Based on the number of constraints nc, three distinct types of glasses are 

distinguished: flexible (floppy) (nc<3), intermediate (nc~3) and stress rigid (nc>3) [16,84,89].  

The relation between the number of contraints nc and the coordination number r [84] follows 

the equation: 

 𝑟 =
2

5
(𝑛𝑐 + 3) (1.2) 
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For the ideal glass with nc~3, the average coordination number r equals 2.4. The average 

coordination r is characteristic for an atomic species. Changes in the glass stoichiometry 

therefore lead to the modification of r and consequently also of the glass rigidity.  

The investigation of the relationship between the glass rigidity and the 

temperature-dependence of the viscosity (strong-fragile behavior) of the glass forming liquids 

was presented in [89]. It shows that optimally constrained glasses (i.e., intermediate) give rise 

to strong glass-forming liquids, for which an easy glass formation is expected. On the 

contrary, both floppy and stressed rigid glasses are fragile glass-forming liquids.  

The bond constraint theory was employed to interpret the XAS data from GST alloys in 

[90,91], demonstrating that the common stoichiometric GST alloys belong to intermediate 

region, i.e., they are perfect glasses. However, constraints algorithms based on molecular 

dynamics (MD) simulations were later developped and applied to GST alloys, highlighting 

only two regimes in Ge-Sb-Te ternary diagram without an intermediate region. While the 

small region of Te-rich alloys is described as flexible, the vast majority of GST compositions 

belong to stress-rigid regime. The commonly used GST phase-change alloys lying on the 

GeTe-Sb2Te3 tie-line belong to this second category (Fig. 1.12) [92]. 

 
Fig. 1.12: Ternary diagram of Ge-Sb-Te phase-change alloys highlighting the regions of flexible and stress-rigid 

regime of glasses along with the determined number of constraints nc [92]. 

Discussing the average coordination of the atoms in glass, the so-called 8-N rule also needs to 

be mentioned. Considering an ideal glass, the valence requirements of the present atoms are 

satisfied, thus equal to 8-N, where N is the number of valence electrons (s and p electrons) of 

an atom. As an example, germanium is expected to be fourfold coordinated, antimony 

threefold coordinated and tellurium should adopt a twofold coordination. The 8-N rule is 

generally obeyed for N>4 (i.e., V, VI and VII group of elements), whilst the rule deviation 

can be observed for the elements of IV group as well as for the heavier and less ionic Te. 

Indeed, the presence of both tetrahedral and octahedral coordination species was 

demonstrated in GeTe and GST phase-change alloys [93–96]. 

The average coordination number r can be applied for the prediction of the Tg of a glass, 

based on the proportional relation between r and Tg, considering that Tg is related to glass 

rigidity. However, further studies showed that not only the number of bonds but also the bond 

strength must be taken into account. An improved model proposed in [97] relates the Tg to the 

enthalpy of atomization calculated from bond enthalpies of the homonuclear and 

heteronuclear bonds present in the system.  
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1.3.1.2 Liquid and Amorphous phase 

Understanding the nature of the glass structure presents one of the most challenging problems 

of solid-state physics. Glass structure is classically described on the basis of the random 

network model, a concept introduced in [98]. However, several other models have been 

suggested over the years. In particular, three models were presented for chalcogenide glasses: 

the chain-crossing model [99], the random covalent network model [100] and the chemical 

bond approach [101]. 

Liquid and amorphous phases are similar in terms of structure, both characterized by the lack 

of long-range order and translational periodicity. Despite the lack of the long-range order, 

a sort of local structure on the atomic scale is still present. This short-range order is rather 

similar to that of the corresponding crystal. The liquid and amorphous phases, however, 

possess broader distribution of bond lengths and bond angles compared to the crystalline 

phase, representing disorder in the structure.  

The short-range order of the amorphous phase occurs in the 2 – 4 Å length scale and involves 

the nearest-neighbor and the next-nearest-neighbor atomic correlations. The investigation of 

such a local structure demands the implementation of advanced experimental methods, such 

as neutron diffraction or X-ray Absorption Spectroscopy (XAS), namely EXAFS (Extended 

X-ray Absorption Fine Structure) and XANES (X-ray Absorption Near-Edge Structure). 

Recently, structural modelling such as reverse Monte Carlo (RMC) and (ab initio) molecular 

dynamics (MD, AIMD) simulations have started to be employed along with these 

experimental techniques in order to study both amorphous and liquid phases of a wide range 

of elements and alloys [16]. Moreover, besides the detailed analyses of the local structure, 

these methods allow to determine the relationship between the structural and the electronic 

properties (e.g., calculations of electronic density of states and band gap) [95,102,103]. 

Two main processes are usually employed to obtain the amorphous phase: melt-quenching 

and vapor-phase deposition. The amorphous phase obtained via melt-quenching is expected to 

inherit the structural features of the liquid, including well-ordered structural motifs such as 

rings or clusters. Vapor-phase deposition, on the contrary, leads to more structurally 

disordered amorphous phase due to much higher cooling rates involved. More structural 

defects, such as dangling bonds or wrong bonds, can also be expected. So-called wrong bonds 

refer to homopolar bonds in stoichiometric glasses as a result of a deviation from 

stoichiometry (e.g., As-As and S-S homopolar bonds present in stoichiometric As2S3 glass, 

instead of containing As-S bonds only).  

In case of phase-change materials and their use in PCRAM technology, the fabrication steps 

and their effects on the atomic structure of the resulting amorphous phase must be taken into 

account. While the PCRAM device fabrication initially involves an as-deposited amorphous 

film (usually by sputtering), the melt-quenching process is important from the PCRAM device 

functionality point of view as it effectuates the RESET operation, i.e., the transition from 

crystalline to amorphous phase. 

1.3.1.3 Crystalline phase 

The atomic arrangement and the electronic structure of the crystalline phase have been 

identified as key points to understand the contrast between the amorphous and crystalline 

phase. Contrary to the amorphous and liquid phases, the crystalline phase features long-range 

order with atoms occupying specific places in the lattice (Fig. 1.13). The crystalline phase of 

the phase change materials was demonstrated to feature the octahedral-like atomic 

arrangement. Moreover, high intrinsic vacancy concentration can be found in many 

phase-change alloys [20]. 
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Fig. 1.13: Examples of different crystallographic systems with correpsonding alloys: a) metastable cubic 

crystalline structure of typical GST alloy. Te atoms occupy one sublattice, while Ge and Sb atoms and vacancies 

randomly occupy the second sublattice. b) Simple cubic crystalline structure, in which all the atoms statistically 

occupy the lattice sites. c) Distorted simple cubic crystalline structure (rhombohedral structure), typical for 

example for AIST alloys [16]. 

Considering the 8-N rule, the crystalline systems possessing on average four valence electrons 

per atoms (e.g., Si, Ge, GaAs) will adopt the fourfold tetrahedral coordination owing the 

favorable sp
3
 hybridization. However, phase-change alloys have on average more than four 

valence electrons per atom and thus the tetrahedral configuration is rather unfavorable since 

the occupation of antibonding sp
3
 states would be necessary. An approach based on resonant 

bonding mechanism [104] was proposed in order to explain the bonding arrangement and the 

changes upon the crystallization in phase-change materials. This approach shows that 

p-electrons are employed into unsaturated covalent bonding (i.e., more bonds are formed than 

which can be saturated with the number of valence electrons) to obtain the octahedral-like 

atomic arrangement (Fig. 1.14). The resonant bonding thus gives rise to electron 

delocalization leading to increased electronic polarizability, which is described upon 

phase-change material crystallization.  
 

 
Fig. 1.14: Schematic diagram of the resonance bonding represented on the structure of Sb. Schemes I and III 

represent the limit case for bonding in undistorted Sb, while the resonant bonding with the pronounced electron 

delocalization is shown in scheme II [104].  

However, new explorations suggest the concept of metavalent bonding, in order to clarify the 

nature of resonant bonding mechanisms for different material classes (i.e., organic compounds 

and inorganic solids) [105]. The metavalent bonding mechanism is based on unique 

combination of material parameters (e.g., optical and vibrational properties, atomic 

coordination, electron and charge distributions) arising from the particular bonding nature. 

Indeed, the simulations performed for a large set of materials allowed to identify the new 

material class between metals and covalently-bonded solids. The metavalent bonding 

mechanism provides a new perspective on phase transition and functional principle of 

phase-change materials. While the amorphous phase of the phase-change alloys was shown to 

demonstrate rather covalent bonding, crystalline phase can be characterized by metavalent 

bonding, featuring the combination of characteristics between covalency and metallicity.  

The identification of the bonding mechanisms of the crystalline phase of phase change 

materials has demonstrated to be essential to understand the phase transition and the material 

properties. Moreover, it allows to draw the structure-properties maps useful for the 

a) b) c)
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identification of new material candidates (Fig. 1.15). The first attempts to design such a map 

was proposed in [106], classifying the candidates for phase-change materials. Recently, new 

2D and even 3D material maps were demonstrated, providing the material classification along 

with the quantified bonding properties [105,107].  

 

 
Fig. 1.15: Material map of electronic interactions and bonding in materials, highlighting the new class of 

materials featuring the metavalent bonding. The metavalent bonding is positioned between (metallic and 

covalent bonding mechanisms [107].  

1.3.1.4 Crystallization mechanism 

The crystallization mechanism and its kinetics is one of the limiting processes in 

technological applications, characterizing the amorphous phase stability and affecting the 

programming speed of the PCRAM device. Two processes are involved in the crystallization 

mechanism, namely nucleation and growth. Nucleation is the process of forming the 

crystallite clusters within the amorphous matrix, while growth refers to the increase of the 

crystallites size. The driving force for crystallization is the free energy gain between the 

amorphous and crystalline phase.  

To describe the nucleation process, the classical nucleation theory first provided by Gibbs in 

1878 is usually used [16]. The difference in free energy ΔG(r), also called as reversible work 

for a crystal, is determined by two contributions. First, the energy gained by forming the 

crystal phase and second, the energy required to form the interface between the crystalline 

cluster and the amorphous phase:  

 ∆𝐺 𝑟 = −𝛥𝐺𝑎𝑐 ∙ 𝑉 𝑟 + 𝜎𝑎𝑐 ∙ 𝐴(𝑟) (1.3) 

Where -ΔGac is the (Gibbs) free energy difference between amorphous and crystalline phase 

(per unit volume), σac is the specific interface free energy of the crystal-amorphous interface. 

V and A represent the volume and the external surface of the cluster, respectively. For the sake 

of simplicity, the clusters are assumed spherical with radius r. The evolution of ΔG(r) as a 

function of r is displayed in Fig. 1.16 and the curve passes through a maximum at: 

 𝑟𝑐 = 2𝜎𝑎𝑐  / 𝛥𝐺(𝑟) (1.4) 
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where rc is the critical radius (in order of nanometers). Small cluster radii (r<rc) are not 

energetically favorable and hence spontaneously decay. Above the critical cluster size (r>rc), 

the first term in the equation (1.3) dominates, thus the energy is gained when the cluster is 

formed and the cluster grows. ΔGc is called as critical work for cluster formation and can be 

considered as an activation barrier of nucleation.  

 
Fig. 1.16: Reversible work for a crystal (ΔG(r)) as a function of crystal radius. rc denotes the critical radius for 

which ΔG(r) reaches the maximum value and is considered as the activation barrier for the nucleation [16]. 

The classical nucleation theory by Gibbs is purely thermodynamic and assumes that clusters 

evolve by the addition or removal of atoms to/from the cluster. Later, additional assumptions, 

including the probability of critical and post-critical cluster to grow or shrink, lead to the 

introduction of kinetic models. These models define the steady-state homogeneous volume 

nucleation rate I
SS

 and introduce a time period (i.e., incubation period), necessary to establish 

a steady state distribution of the clusters in the system [16]. 

In general, two types of nucleation process can be distinguished: the homogeneous nucleation, 

when the nucleation occurs inside the amorphous phase; and the heterogeneous nucleation, 

using impurities or interfaces as nucleation sites. In practical cases, both types coexist. The 

above-described nucleation theory for homogeneous nucleation also applies for heterogeneous 

nucleation. However, in such case, lower work for critical cluster formation and reduced 

number of atoms in the amorphous phase contributing to the nucleation are employed 

(i.e, only a fraction of atoms is in contact with the impurity or interface). The heterogeneous 

nucleation rates are orders of magnitude higher than homogeneous nucleation rates, thus 

dominating the nucleation process of the system.  

Once a critical cluster has been transformed into a stable crystalline nucleus, more atoms can 

diffuse, growing the crystallite to a macroscopic size. The crystal growth is thus driven by the 

reorganization of the atoms along the crystal-amorphous interface, lowering the overall 

energy of the system. The crystal growth velocity reaches its maximum close to Tm (i.e., at 

higher temperature than the maximum of the nucleation rate), while falling to zero after 

passing Tm. A detailed discussion on the crystallization kinetics can be found in [16,17,84]. 

Depending on the process dominating the crystallization, the mechanism can be categorized 

either as nucleation-dominated or growth-dominated. The nucleation-dominated 

crystallization features relatively short incubation times, high nucleation rates and slow 

growth velocities. The time to crystallize does not depend on the volume of the amorphous 

phase. The growth-dominated crystallization, on the contrary, is characterized by low 

nucleation rates and high growth velocities. It exhibits the volume dependence, i.e., the 

smaller the volume of the amorphous phase, the faster the crystallization is completed. Both 

crystallization mechanisms are observed in phase-change materials. While Ge2Sb2Te5 alloy 

exhibits the nucleation-dominated crystallization, AIST alloys are considered as 

growth-dominated (much lower nucleation rate and longer incubation time were observed) 

[17,108,109].  
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1.3.2 Ge-Sb-Te ternary system 

The exploration of GeSbTe (GST) ternary alloys (Fig. 1.17) started the new era of optical data 

storage and PCRAM technology. In particular, the stoichiometric compositions along the 

pseudo-binary line between Sb2Te3 and GeTe of the phase diagram, such as Ge1Sb4Te7, 

Ge1Sb2Te4 and Ge2Sb2Te5, were found to be very promising. Multiple studies and 

first-principle calculations were performed to understand the atomic structure of these alloys 

and to identify the mechanisms leading to the formation of stable structures with the lowest 

energies [110,111].  

Some common features of GST alloys along the GeTe-Sb2Te3 pseudo-binary line can be 

observed. The most widely used GST alloys mentioned above crystallize into two crystalline 

structures: a metastable cubic phase at lower temperatures (Tx ~100-160 °C) and a stable 

hexagonal phase at higher temperatures (Tx >200 °C) [112]. Based on the similarities between 

parental GeTe and Sb2Te3, the hexagonal structure of stoichiometric GST alloys can be seen 

as superlattice of these binary alloys with a stacking sequence dictated by Sb2Te3 structure. 

Moreover, large number of vacancies is present in both metastable cubic and stable hexagonal 

crystalline phase, lowering the energy of the crystalline phases. In the cubic crystalline phase, 

the vacancies randomly occupy the cation sites, while in the hexagonal phase the vacancies 

form ordered planes separating the GST building blocks. The systematic investigation of 

(GeTe)n(Sb2Te3)m homologous series, their structure and properties can be found in [111,113–

115]. The Tm of these alloys is observed at 590 – 630 °C, depending on the composition 

[110].  

Moving along the GeTe-Sb2Te3 pseudo-binary line, several tendencies in the alloys‘ 

properties can be observed, depending on the ratio between GeTe and Sb2Te3. The increasing 

Sb2Te3 fraction in a GST alloy reduces Tx and increases the crystallization speed, as 

demonstrated by resistivity measurements in [116]. These effects result from the presence of 

higher number of weaker Sb-Te bonds (277.5 kJ/mol) compared to stronger Ge-Te bonds 

(402 kJ/mol) [116]. Among the stoichiometric GST alloys, the Ge2Sb2Te5 is taken as the most 

common reference compound. The referential binary GeTe and Sb2Te3 systems as well as 

Ge2Sb2Te5 are presented more in detail in following sections.  

 

 
 

Fig. 1.17: (left) Ternary Ge-Sb-Te diagram, highlighting the principal stoichiometric alloys on the GeTe-Sb2Te3 

tie-line and other regions of common phase-change alloys (grey zones); (right) Phase diagram of the 

GeTe-Sb2Te3 system [117]. 

1.3.2.1 GeTe 

The stoichiometric GeTe alloy (Ge50Te50) has been investigated from both fundamental and 

technological point of view. GeTe represents one of the first examples of Te-based 
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chalcogenide alloys in the field of phase-change memory technology due to its fast 

crystallization rate and a high temperature stability [118–120]. Besides the use in memory 

technology, GeTe alloys are also implementated in thermoelectric, ferroelectric and even 

spintronic fields of applications [121]. Despite its relatively simple chemical composition as a 

binary alloy, GeTe still poses fundamental questions, in particular concerning the bonding 

arrangement and mechanisms associated with amorphous-to-crystalline phase transition.  

The crystalline GeTe (Tx ~180 °C) possesses distorted rhombohedral structure (R3m), in 

which both Ge and Te atoms use the p shell electrons to create sixfold coordinated octahedral 

resonant bonding in the network (Fig. 1.18). The Peierls-like distortion of the rhombohedral 

structure leads to the splitting of the six Ge-Te bonds into 3 shorter (stronger) and 3 longer 

(weaker) bonds, reducing the energy of the occupied states. In the ideal GeTe crystalline 

structure, each site is occupied either by Te or by Ge atoms; however, several studies have 

revealed the presence of intrinsic vacancies in Ge sublattice (up to 10 %) [121,122]. At higher 

temperatures (>350 °C) the rhombohedral GeTe transforms into cubic phase with a rocksalt 

structure.  

In the amorphous phase of GeTe, the average coordination number of Ge inferred from 

EXAFS decreases from sixfold to fourfold, hence Ge atoms adopting a tetrahedral 

coordination [93,122]. Further EXAFS investigations along with RMC and MD simulations 

and XRD data revealed the coexistence of both octahedral and tetrahedral coordination of Ge 

atoms in the amorphous phase. Indeed, Ge atoms were shown to be mostly fourfold 

coordinated, but only approximately one third is present in tetrahedral environment, while the 

majority remains in defective octahedral environment [95,96,123–125]. 

1.3.2.2 Sb2Te3 

Sb2Te3 represents the second parent composition of the GST phase-change alloys. This binary 

alloy features high crystallization speed. However, low crystallization and melting 

temperatures represent the major challenges of Sb2Te3, leading to poor thermal stability of the 

amorphous phase for PCRAM applications. Besides the PCRAM technology, Sb2Te3 has been 

widely studied for its excellent near room temperature thermoelectric properties and hence for 

possible applications in thermoelectric devices [126]. Furthermore, Sb2Te3 and its related 

compounds (Bi2Se3 and Bi2Te3) have been recently demonstrated as suitable materials for 

topological insulator device applications [127,128]. 

Sb2Te3 crystallizes in a rhombohedral layered structure, which can be viewed as a series of 

Sb, Te and intrinsic vacancies ordered in planes along the c axis of the unit cell (Fig. 1.18). 

The building blocks consist of repeated quintuple Te-Sb-Te-Sb-Te layers of atoms, each 

quintuple layers being terminated by Te atoms plane due to the excess of tellurium. The 

separation between the blocks is described as a layer of ordered vacancies. The bonding 

between the Te atoms of the adjacent planes can be explained in terms of van der Waals 

interaction. The Sb and Te atoms in the center of the building block are sixfold coordinated, 

whereas the Te atoms at the edge of the blocks are only threefold coordinated to the neighbor 

Sb atoms within the block.  

The amorphous and liquid structures of Sb2Te3 were studied in particular by AIMD 

simulations, showing that Sb atoms are mostly fourfold coordinated and Te atoms mostly 

threefold coordinated, forming the four-membered ABAB rings (A = Sb, B = Te). A large 

fraction of homopolar Sb-Sb bonds (up to ~35 %) and six-membered Sb chains were 

evidenced as well as homopolar Te-Te bonds, though arranged only into dimers and 

trimers [96].  
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Fig. 1.18: Crystal structures of bulk GeTe, Sb2Te3 and Ge2Sb2Te5 alloys. Ge (blue), Sb (orange), Te (green) and 

intrinsic vacancies (v) are indicated [111].  

1.3.2.3 Ge2Sb2Te5 

Ge2Sb2Te5 alloy became a prototype material for PCRAM device. Amorphous Ge2Sb2Te5 first 

crystallizes into cubic (rocksalt type; fcc) metastable structure at ~160 °C and further 

transforms irreversibly into the stable hexagonal (hex) phase at temperatures above 300 °C 

(Fig. 1.19) [129]. In the cubic crystalline phase, the tellurium atoms occupy the anion 

sublattice, while germanium, antimony and intrinsic vacancies randomly occupy the cation 

sublattice. The intrinsic vacancies compose up to 20 % of the cation sublattice, reducing the 

average number of valence electrons and thus lowering the energy of the fcc crystalline phase 

[20,113]. The hexagonal phase adopts the structure of the parenting Sb2Te3 alloy with the 

building blocks consisting of 9 planes, where a plane fully occupied by Te atoms alternates 

with a plane occupied by Ge or Sb atoms or their random mixture (Fig. 1.18). Though the 

stacking sequence of the hexagonal crystalline phase appears well defined, the occupation of 

the cation sites remains a source of debate, giving rise to various models described in 

[111,130–132]. 

The structure of amorphous and fcc crystalline phase of Ge2Sb2Te5 has been widely studied in 

order to understand the origin of the reversible phase-change mechanism. Based on 

experimental and theoretical studies, the amorphous phase is characterized by the presence of 

fourfold coordinated Ge atoms in tetrahedral environment, while the atoms in fcc crystalline 

phase exhibit the octahedral environment. An umbrella-flip model (Fig. 1.20) was suggested 

based on EXAFS data describing the transition of Ge atoms from tetrahedral to octahedral 

sites upon crystallization without the rupture of strong covalent bonds [133]. Subsequent 

studies confirmed the tetrahedral coordination of germanium [134,135], however other studies 

also suggested the formation of even-numbered rings, analogous to the crystal phase [125]. 

Later, MD simulations revealed that a fraction of Ge atoms are indeed in tetrahedral 

coordination, however favored by Ge-Ge and Ge-Sb bonds (i.e., ―wrong bonds‖) rather than 

Ge-Te bonds, as stated by the umbrella-flip model. The majority of Ge atoms along with all 

Te and Sb atoms in amorphous phase were found in a defective octahedral-like geometry, 
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i.e., with octahedral bonding angles but with atom coordination lower than six (Fig. 1.20). 

Finally, the presence of few dimers and trimers of Te atoms in the amorphous phase was 

reported [96]. 

Though a simple local structural scheme like the umbrella-flip model is attractive, it cannot 

explain the existence of several features, such as the presence of homopolar bonds or the 

difference in optical reflectivity, which accompanies the phase transition mechanism. A new 

approach to understand the phase transition are suggested based on metavalent bonding 

mechanism recently described in crystalline phase of phase-change materials (section 1.3.1.3). 

This approach highlights the change of the nature of bonding mechanism from covalent to 

metavalent upon crystallization and allows to associate the changes in material properties 

(e.g., octahedral-like coordination, increase of chemical and electrical polarizability and 

changes in vibrational porperties) [105]. 

 

 
Fig. 1.19: The temperature dependence of resistance of as-deposited Ge2Sb2Te5. The inset graph shows 

Arrhenius extrapolation highlighting the corresponding 10 years data retention value [136]. 

 

 
Fig. 1.20: (left) Schematic representation of the local structure in the amorphous and crystalline phases upon 

umbrella-flip model; (right) A scheme of the GeTe structural units (Ge - dark blue, Te – light blue): a) Ge in 

defective octahedral coordination, b) Ge in tetrahedral coordination [21,137].  
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1.3.3 Material engineering 

Although Ge2Sb2Te5 appears to be a promising alloy, some of its properties, such as the 

crystallization temperature (Tx ~ 150 °C), showed to be limiting for the use in embedded 

PCRAM applications, which require high temperature data retention (section 1.2.3). The 

technological challenges posed by PCRAM led to the material engineering of the 

stoichiometric alloys, optimizing the material properties and thus the PCRAM device 

performances. The current main goals for modifying the stoichiometric compounds aim to:  

- interfere with the crystallization process and increase the crystallization temperature, 

thus improving the thermal stability of the amorphous phase (RESET state) and the 

data retention of the PCRAM device; 

- increase the electrical and thermal resistivity of the phase-change material to reduce 

the programming (RESET) current. 

The search for material optimization of the GST alloys adopted two main directions, which 

will be discussed in the following sections: changing the stoichiometric ratio of the GST 

alloys and doping the GST alloys by additional elements.  

 

 
Fig. 1.21: Ge-Sb-Te ternary diagram highlighting the directions of GST material engineering for targeting the 

PCRAM device performances: fast speed and high temperature data retention (HTDR). 

1.3.3.1 Nonstoichiometric GST alloys 

Starting from the Ge2Sb2Te5, the search for non-stoichiometric compositions in Ge-Sb-Te 

ternary system can follow one of three directions: Te-poor, Ge-rich and Sb-rich alloys 

(Fig. 1.21). The exploration of Te-poor region was motivated by increasing the average 

coordination number, assumed to play a fundamental role in crystallization process. 

Decreasing the Te content leads to higher rigidity of the alloy and activation energy of 

crystallization, thus enhancing the stability of the amorphous phase over time. However, 

engineering of GST composition towards Te-poor region shows to affect both electrical and 

thermal performances of PCRAM device. The amorphous resistance and threshold voltage 

decrease with decreasing Te content. Despite lower melting temperature of Te-poor GST, the 

material features worse thermal confinement during the phase change, resulting in higher 

programming current and thus higher power consumption [138,139]. 



38 

Ge-rich GST 

The first attempt to investigate the Ge-enrichment in GST alloys was reported in [140]. The 

investigation of Ge2Sb1Te2 alloy and the Ge-enriched compositions along a tie-line between 

Ge and Sb2Te3 highlighted the so-called ―golden composition‖. This Ge-rich composition 

demonstrated higher Tx compared to Ge2Sb2Te5 and hence enhanced thermal stability of 

RESET state, while maintaining the fast switching speed of the PCRAM cell. Further studies 

focused on Ge-rich composition along the tie-line between Ge2Sb2Te5 and Ge. It was shown 

that Tx is progressively increases with the Ge content up to 350 °C, whereas the crystalline 

phase becomes more resistive (Fig. 1.22) [24]. However, the XRD patterns of Ge-rich GST 

alloys annealed at high temperatures show the presence of two cubic crystalline phases 

corresponding to Ge2Sb2Te5 and Ge crystalline phases, which indicates the system 

segregation (Fig. 1.23). Recent studies by TEM-EDX analyses confirmed the formation of 

Ge-rich and Sb-/Te-rich regions in the Ge-rich GST thin films and suggested that the phase 

segregation begins with the nucleation and appearance of Ge nanocrystals followed by the 

crystallization of Ge2Sb2Te5 phase (discussed in the section 2.2.6) [3].  

 

  
Fig. 1.22: (left) Evolution of the crystallization temperature as a function of Ge-enrichment in GST alloys; 

(right) Optimization of Ge-rich GST alloy highlighting the delayed amorphous-to-crystalline phase transition 

and increased resistivity of the crystalline phase with increasing Ge enrichment [24,141]. 

 

 

Fig. 1.23: (left) X-ray diffraction of Ge-rich GST alloys after annealing at ~450 °C demonstrating the Ge 

crystalline phase, i.e., Ge segregation; (right) STEM-EDX maps of Ge, Sb and Te of Ge-rich GST alloy annealed 

at 450 °C highlighting the formation of Ge-rich and Sb-rich/Te-rich regions [3,24]. 
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Despite the phase segregation observed in thin films, the PCRAM device based on Ge-rich 

GST alloys exhibits functional electrical characteristics. Higher thermal stability of the 

amorphous phase allows better data retention of the PCRAM devices programmed in the 

RESET state. For instance, the Ge2Sb2Te5 alloys enriched by 45 at.% of Ge demonstrated the 

stability of the RESET state for at least 10 years at temperatures up to 200 °C, which is well 

above the required specifications for automotive applications [141]. On the other hand, Ge 

content has a strong impact on the crystallization speed, hence a trade-off between the high 

data retention of the RESET state and the reduced programming speed is necessary. However, 

even with the reduced crystallization speed, the programming time is still orders of 

magnitudes shorter than that of Flash memories currently used for embedded applications 

(milliseconds for RESET operation). Concerning the stability of the programmed SET state, 

the resistance drift was observed in Ge-rich GST alloys, while no drift was reported for 

Ge2Sb2Te5 [142].  

The analyses of elemental distribution showed strong composition inhomogeneity in the 

active region of the PCRAM cell, demonstrating highly Sb-rich core of the active zone (above 

the heater element), whereas the surrounding side areas become Ge-rich (Fig. 1.24). Further 

investigations attributed the phenomenon to Ge segregation during the cell programming 

operation [143,144]. Indeed, the applied RESET pulse forms a conductive path between the 

heater and the upper electrode, melting the integrated Ge-rich GST material in the active 

zone. Ge atoms are driven from the liquid to the solid phase at the liquid/solid interface. The 

liquid/solid interface moves closer to the heater with the ramp-down of the applied pulse, 

hence more Ge atoms are segregated, creating the Ge-rich crystalline zone and leaving the 

molten region Ge impoverished. Sb atoms show exactly the opposite trend, i.e., they 

concentrate near the heater element, as they tend to stay in the liquid phase. It was shown that 

this segregation phenomenon within the cell is the result of the first programming operation of 

the PCRAM cell [145]. The integrated memory device is in high-resistive state after the 

manufacturing and needs an electrical activation (i.e., forming operation) as the final part of 

the PCRAM cell fabrication. Moreover, it was demonstrated programming the device with 

low current density can minimize the SET resistance drift [145]. 

 

 
Fig. 1.24: Ge, Sb and Te maps of the PCRAM cell programmed to RESET showing the composition 

inhomogeneity and Ge segregation at the outer boundaries of the active region [145].  

Despite the segregation phenomenon described above, the thermal stability of both RESET 

and SET states can be ensured by optimizing the Ge enrichment of the alloy, as shown on the 

example of GST + Ge 45 at.% [141]. TEM and STEM/EELS studies showed that after the 

first RESET operation and consequent segregation effect, an equivalent of GST + Ge 25 at.% 

was retained at the active region, still ensuring the thermal stability up to 240 °C (Tx of 

GST + Ge 25 at.%) (Fig. 1.25).  

Another optimized Ge-rich GST alloy, so-called T alloy, was presented in [143], 

demonstrating the ability to retain data in extended temperature range and to guarantee code 

integrity after soldering thermal profile, hence validating this type of material also for 

embedded applications. Further engineering of GST alloys by Ge-enrichment highlighted the 

possibility to tailor the PCRAM device electrical performances and the data retention 

properties according to application requirements. While the reported T-alloy fits with the most 
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challenging requirement of data retention, other presented Ge-rich GST, called as D-alloy, 

showed better performance of the SET state, thus offering more flexible solution, if not 

extremely challenging retention properties are requested [24]. 

 

 

 

Fig. 1.25: (left) Superimposed TEM BF/DF images and STEM/EELS signal for GST + Ge 45 at.% device in 

RESET state, showing the amorphous dome with GST + Ge 25 at.% alloy in the active volume; (right) SET and 

RESET resistance of the corresponding PCRAM device showing the stability up to 240 °C [141].  

 

Sb-Rich GST 

Opposite to Ge-rich GST compositions, Sb-rich GST alloys attract the attention due to high 

crystallization speed, caused by the growth-dominated crystallization mechanism. The main 

challenge of Sb-rich GST alloys is the relatively low thermal stability of the amorphous 

phase. Systematic studies on different Sb-enriched / Sb-doped systems were performed, 

showing large dependencies of the final material properties on the deposition process 

parameters. The systematic studies performed on GeSbxTe alloys based on Ge-doped Sb2Te 

and Sb-doped GeTe [140,146,147] highlighted higher crystallization temperature and lower 

resistance of the crystalline phase compared to Ge2Sb2Te5 (Fig. 1.26). Very fast crystallization 

times for Sb-doped alloys were observed, but the systems also suffered from Ge or Sb 

segregation. Further studies performed on the Sb-enriched Ge2Sb2Te5 [148,149] demonstrated 

the gradual disappearance of the transition to the cubic crystalline phase, reaching only one 

phase transition to rhombohedral crystalline structure for highly Sb enriched compositions. 

Contrary to above mentioned Sb-rich systems, highly Sb-enriched GST alloys (>35 at.% of 

Sb enrichment) do not show the elemental segregation [148]. The integration of Sb-rich GST 

material in PCRAM device demonstrated high speed (20 ns), high endurance (10
15

 cycles) 

and data retention (4.5 years at 85 °C), revealing the high potential of these materials and 

possible envisaging DRAM-type applications [148,150].  
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Fig. 1.26: Ge-Sb-Te ternary diagram highlighting the material optimization by Sb enrichment along the GeTe-Sb 

tie-line [140].  

1.3.3.2 Doping by light dopant elements 

Tuning the properties of the GST alloys by light elements (N, C and O) has been explored 

since the use of these alloys in optical data storage [151,152]. Following these achievements, 

N, C, and O doping were expected to improve the performance of PCRAM devices. Indeed, 

these dopants showed positive effects on data retention, power consumption and endurance 

[153–155]. An intensive effort is hence devoted to understand the role of these dopants on the 

GST structure, the crystallization mechanisms and their kinetics. In general, N, C and O 

elements act like interstitials in the GST alloy structure, reducing the free active volume 

necessary for fast crystallization and thus increasing Tx [67,156]. However, each dopant 

exhibits a distinct effect on the GST alloy structure and its properties. The detailed 

understanding of the dopants impact on both amorphous and crystalline phases is thus 

required.  

Oxygen doping  

PCRAM devices based on oxygen-doped Ge2Sb2Te5 were successfully experimented, 

allowing to decrease the RESET current, while maintaining a 10-year data lifetime at 100 °C 

[5,157]. These achievements are attributed to increased electrical and thermal resistances of 

the material. Indeed, the investigations performed on O-doped GST thin layers demonstrated 

increasing Tx, crystal grain size and lattice parameters with oxygen concentration up to 10 %, 

which is attributed to the formation of Ge-O bonds in the system. Above this value, Tx 

conversely decreases as a result of suppressed GST phase crystallization and system 

segregation to Ge-O, Sb-O and Sb2Te3 (Fig. 1.27) [67,158–160]. 

The stability of GST alloys upon O incorporation does not involve only the O doping during 

the deposition process, but possible uncontrolled oxidation processes of the alloys under air 

exposure also needs to be considered. TEM studies reported in [161] showed that a 

10 nm-thick Ge2Sb2Te5 film kept in ambient condition for 2 weeks required only 35 °C for 

complete transformation from amorphous to crystalline phase whereas the film kept in 

vacuum required 130 °C. Effective capping strategies avoiding the material degradation are 

therefore necessary to be engineered. 
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Fig. 1.27: (left) Resistance as a function of temperature of the undoped and O-doped GST225 alloys; (right) 

STEM-HAADF mapping of O-doped GST225 alloy after heating at 200 °C showing the islands rich in Sb 

(green) and Te (red), while Ge (blue) migrated into the gaps between the islands, forming the Ge-O bonds. The 

image view field is 125 nm [158,160]. 

Carbon doping  

Carbon doping showed to be an effective strategy to improve the material properties and the 

PCRAM device performances. Carbon incorporation in the GST alloys leads to preferential 

formation of Ge-C bonds leading to improved thermal stability of the amorphous phase and to 

the increase of Tx above 300 °C [64,162]. Upon crystallization, the Ge-C bonds break giving 

rise to the formation of nanometer-scale carbon clusters in crystalline phase (Fig. 1.28). The 

carbon chains cause much more severe lattice distortions than one carbon atom, inducing 

electron and phonon scattering and resulting in resistance increase and thermal conductivity 

decrease. At the device level, these effects lead to the reduction of programming current. It 

was reported that PCRAM device based C-doped GST alloy (C ~5 at.%) yields more than 

50 % of current reduction compared to the device with undoped GST [163]. The formation of 

the carbon clusters at the grain boundaries inhibits the crystallization process and restrains the 

grain growth, being responsible for slower operation speed. On the other hand, stable carbon 

clusters featuring low diffusion coefficient significantly reduce the long-range migration of 

Ge, Sb and Te atoms, avoiding the system segregation and enhancing the endurance 

performance (up to 10
8
 cycles) of the PCRAM devices [162–164].  

Although further research is necessary, relatively high thermal stability and high endurance of 

C-doped GST-based devices show high potential of these materials in PCRAM technology 

[165–167]. Moreover, 12-state multi-level cell storage implemented in a 128 Mb PCRAM 

chip has been recently demonstrated using a C-doped GST alloy, opening a promising path 

towards large-scale and energy-efficient neuromorphic computing systems [164]. 
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Fig. 1.28: (left) Resistance as a function of the temperature of the C-doped GST225 alloys; (right) 

STEM-HAADF image of crystalline grain and surrounding amorphous carbon cluster regions [164,166]. 

Nitrogen doping 

N-doped alloys are in particular investigated due to highly enhanced thermal-retention 

properties of the amorphous phase. Hence, these alloys may present a suitable solution for the 

targeted high-temperature data retention of embedded PCRAM device applications.  

Indeed, N incorporation in GST increases Tx, the incubation time for crystal nucleation and 

growth and the resistivity of the crystalline phase. From the microstructural point of view, it 

was shown that nitrogen preferentially forms strong covalent bonds with Ge atoms [168]. 

Nevertheless, possible presence of molecular N2 in N-doped GST alloys was also reported 

[169]. The molecular N2 is believed to exist at interstitial and vacancy sites and it is assumed 

to easily diffuse out upon annealing [59]. On the contrary, the formation of Ge-N bonds may 

reduce the atomic diffusivity, leading to an increase of the crystallization temperature. The 

precipitation of the Ge-N bonds at grain boundaries upon crystallization results in the 

reduction of the grain size. From the PCRAM device point of view, N doping effects result in 

improved cyclability and in enhanced efficiency of Joule heating during RESET operation, 

hence in the reduction of programming current [59,67,154]. 

The material optimization by N doping, however, needs to be considered carefully. The 

N incorporation delays the amorphous-to-fcc crystalline phase transition to higher 

temperatures. However, excessive N incorporation was shown to completely suppress this 

transition, allowing the direct crystallization to the stable hexagonal phase, which can lead to 

PCRAM device degradation [152,170].  

Further promising achievements are obtained by N doping of Ge-enriched GST alloys. The 

combination of Ge enrichment and N doping results in enhanced effects of both material 

optimization, i.e., the increase of Tx and the resistivity of fcc crystalline phase along with the 

reduction of the grain size (Fig. 1.29 and Fig. 1.30). Concerning the microstructure, 

Ge-enrichment increases the stability of both amorphous and cubic crystalline phase. The 

formation of Ge-N bonds in the system due to N doping could likely delay the Ge and GST 

phase segregation, leading these alloys to meet outstanding thermal stability and endurance of 

embedded PCRAM device, compatible with automotive requirements [171]. The 

microstructure of N-doped Ge-rich GST and its changes upon the amorphous-to-fcc phase 

transition are being currently largely investigated.  
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Fig. 1.29: STEM-HAADF images on undoped and N-doped Ge-rich GST alloy annealed at 450 °C showing finer 

crystalline structure of the alloy with increasing N content [171].  

 
 

Fig. 1.30: (left) Temperature dependence of resistivity of N-doped Ge-rich alloys; (right) Arrhenius plot of data 

retention time for undoped and N-doped GST+Ge45%, highlighting the improved 10 years data retention, 

compatible with automotive requirements (i.e., at least 2 years at 150 °C) [171,172].  
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1.4 Chapter summary 
The PCRAM technology demonstrates to be the most promising and mature among the 

emerging NVM technologies. It shows high potential in stand-alone Storage Class Memory 

applications, filling the gap between volatile memories and non-volatile data storage owing to 

the balanced combination of high performance and acceptable cost. PCRAM device 

engineering further enables this technology to target embedded memory applications, 

achieving stringent requirements on high temperature data retention for automotive industry. 

The PCRAM device performances are closely linked with the properties of integrated 

phase-change material and thus the device performance can be tuned by the phase-change 

material engineering. The most largely studied phase-change alloys come from Ge-Sb-Te 

ternary system. Ge2Sb2Te5 alloy, commonly used as a reference, lies on the pseudo-binary 

line of the parental GeTe and Sb2Te3 binary alloys. Ge2Sb2Te5 features reversible 

amorphous-to-fcc crystalline phase transition at 150 °C, which is not high enough for 

high-temperature data retention applications. Nonetheless, two main directions are applied for 

the material optimization: the exploration of nonstoichiometric GST alloys and the alloy 

doping with light elements. Investigation of Sb-rich and Ge-rich alloys showed promising 

results in increasing the PCRAM device speed and data retention, respectively. However, 

these alloys often suffer from phase segregation. Upon doping, light elements (nitrogen, in 

particular), are incorporated in interstitial sites and form preferably bonds with Ge atoms of 

the alloy. The presence of Ge-N bonds was reported to increase the crystallization 

temperature and thus to provide higher stability of the amorphous phase. Moreover Ge-N 

bonds contribute to hinder the grain growth, reducing the material segregation.  

The combination of both material optimizations (i.e., Ge enrichment and N doping) can bring 

promising achievements in terms of high-temperature data retention of the PCRAM device for 

the embedded applications. The optimized N-doped Ge-rich GST alloys need to be 

investigated in order to provide the deep insight into the material structure. Indeed, the clear 

understanding of the effects of both Ge-enrichment and N doping on the GST alloy structure 

and the crystallization mechanisms is still lacking. Therefore, this thesis provides a thorough 

material investigation employing various characterization techniques, which are presented in 

the chapter 2. The presented material studies first focus on N doping effect on elemental 

systems (chapter 3) and further on the effect of both Ge enrichment and N doping in GST 

alloys (chapter 4).  
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2 Chapter 2 

 

Characterization of Phase-Change 

Materials 

The performances of PCRAM device relies on the unique properties of phase-change 

materials, in particular on their amorphous and crystalline structure, as reported in chapter 1. 

Therefore, deep understanding of the structure of both amorphous and crystalline phase, their 

atomic arrangements and bonding are thus fundamental. The comprehension of atomic 

arrangement and bonding along with their evolution during the crystallization mechanisms 

enable to determine the origin of the material properties. Moreover, it allows to identify the 

intrinsic material limits and to optimize the materials in order to meet the requirements of 

different PCRAM device applications. The material characterisation is an ever-growing field 

in science including large variety of characterization techniques, which can be used in order to 

probe the material structure on the nanoscale and microscale level and to provide the 

complementary information. 

In this chapter, we briefly present the main electrical, optical and X-ray characterization 

techniques, later used in this work for the structural investigation of elemental systems and 

phase-change alloys. We describe their potential contribution to structural analyses and 

possible challenges (e.g., material, instrumental, data analysis), which needs to be taken into 

account. Further, we illustrate the practical application of these techniques on elementary (Ge, 

Sb, Te), binary (GeTe, Sb2Te3) and ternary alloys (GST) alloys. We highlight the previously 

reported results obtained in the different domains of material analyses, e.g., atomic 

arrangement, local structure and microstructure analyses or studies of nitrogen bonding in the 

GST alloys and oxidation effects. Finally, we complete the chapter by presenting the samples 

preparation of the studied elemental systems and Ge-rich GST alloys along with the 

experimental parameters of the measurements techniques used in this work.  
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2.1 Introduction to material characterization 
Various characterization techniques are employed nowadays in material analysis, based on the 

different interactions of photons, electrons or ions with a studied material. Advanced material 

characterization can provide a deep insight in the material structure and determine the 

electronic, optical, thermal and mechanical properties of materials [173]. Table 2-I 

summarizes different domains of material characterizations along with the characterization 

techniques applied in this work. The basic principles, interests and challenges in employing 

these techniques for phase-change material investigation, notably for GST alloys, are briefly 

discussed in the following sections. The theoretical background of the characterization 

techniques the most widely applied in this work (i.e., FTIR spectroscopy, Raman 

spectroscopy and XRD) is described in the Appendix 1. 

Table 2-I: Different categories of material characterization according to the field of study and the 

characterization techniques used in this work. 

Material characterization  

categories 
Characterization techniques 

Electrical properties Resistivity measurements 

Optical characterization 
FTIR spectroscopy, Raman spectroscopy, 

spectroscopic ellipsometry 

X-Ray characterization XRD, XPS, WDXRF, XAS 

Microscopy TEM-EDX 

 

2.1.1 Electrical properties 

The in-situ resistivity measurements during the sample annealing (R vs T) are generally 

performed using a specific annealing ramp and the amorphous-to-crystalline phase transition 

of the material is observed. As the high resistive amorphous material begins to crystallize, the 

resistivity sharply decreases reaching low values for the formed crystalline phase. The 

resistivity values remains low upon sample cooling back to the room temperature. The 

material resistivity is usually characterized by 4-point probe technique applying the passing 

current through the outer probes and measuring the voltage through the inner probes. As a 

result, sheet resistance of the material is determined. 

The R vs T curve (Fig. 2.1) can provide plenty of information. The slope angle of the 

resistivity drop can indicate the nature of the crystallization process, i.e., rapid 

growth-dominated crystallization (sharp resistivity drop) or slower nucleation-dominated 

crystallization (more gradual resistivity drop). The resistivity value of the crystalline state 

brings additional information concerning the reading window and efficient programming 

current (and hence the power consumption) of the final PCRAM device [24]. R vs T 

measurements performed with different annealing ramps are used in Kissinger analysis, 

calculating the value of activation energy of the crystallization (EA) [174,175]. Using the data 

from the samples annealed at different temperatures, the retention properties of RESET state 

can be evaluated based on the Arrhenius plot [17,24]. This equation allows to extrapolate the 

maximum temperature (fail temperature) to evaluate the system stability (i.e., 10 years of data 

retention).  
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Fig. 2.1: (left) R vs T curves of Ge2Sb2Te5 (GST225) and three different Ge-enriched GST alloys referred as 

T-alloys; (right) Arrhenius plot extrapolation for 10 years of RESET data retention of GST225, D-alloy and one 

specific T-alloy [24,143].  

2.1.2 Vibrational spectroscopies 

Raman and Fourier Transform Infrared (FTIR) spectroscopies belong to the group of 

vibrational spectroscopies. They provide the identification of vibrational modes related to 

specific bonds or structural units. Depending on the specific selection rules based on the 

different principles of these techniques, the vibrational modes can be IR-active, Raman-active 

or both. FTIR spectroscopy is based on the absorption process of the IR radiation. The 

interaction of the IR radiation with the molecules is described in terms of a resonance 

condition, where the specific IR radiation frequency matches the frequency of a normal 

vibrational mode of the molecule. The energy of the IR radiation is absorbed only under the 

condition that the molecular vibration changes the dipole moment of the molecule, derived 

from partial charges on the atoms. For the approximation, the partial charges can be estimated 

from the electronegativity values. On the contrary, Raman spectroscopy is based on scattering 

mechanism, involving the polarizability of the molecule and induced dipole moment. It is a 

two-photon inelastic event, in which the incident photon interacts with the molecule and loses 

part of its energy to the molecular vibration, while the remaining energy is scattered as a 

photon with changed frequency, giving rise to two possible energy shifts (i.e., Stokes and 

anti-Stokes scattering). In general, IR spectroscopy is a suitable technique for the observation 

of polar groups and the asymmetric vibrations of the molecules [173,176,177], while 

symmetric and in-phase vibrations of non-polar bonds or groups are more easily studied by 

Raman spectroscopy.  

The symmetry elements, such as planes, axes or center of symmetry are applied in order to 

classify the molecules and to describe their vibrations. Group Theory provides useful analysis, 

determining the number of normal vibrations in each symmetry species and giving the 

approximate idea of the vibrational spectra patterns. The Mulliken symbols (e.g., A1g, Eu) are 

then widely used to describe the symmetry of a vibration [178]. The vibrational bands in IR 

and Raman spectra are characterized by frequency, intensity and band shape. Since the 

vibrational energies are unique to each molecule and depend on the masses of the atoms, 

geometric arrangement and chemical bonds, the IR and Raman spectroscopy techniques 

provide unique information about a molecule, such as its structure and chemical environment.  

FTIR and Raman spectroscopies find their application for the investigation of undoped and 

N-doped GST alloys, as these techniques can provide useful information about both 

amorphous and crystalline structure. As the ternary Ge-Sb-Te system is quite complex, GST 

alloys provide various vibrational modes. The identification of vibrational modes in such 

alloys can be then based on structural analysis of elemental (Ge, Sb and Te) and binary 
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(GeTe, Sb2Te3) systems. For example, the investigation of GeTe alloys by Raman 

spectroscopy performed in [179] provides the description of GeTe vibrational modes related 

to various GeTe4-nGen (n = 0, 1, 2, 3, 4) structural units. FTIR spectroscopy, on the contrary, 

seems to be effective for the identification of bonding with nitrogen. GeN alloys studied in 

[180–182] can be shown as a good example, discussed more in detail later in the section 2.2.1.  

The investigation of GST alloys by FTIR and Raman spectroscopy, however, can also meet 

several challenges. For the FTIR spectroscopy, the thickness of the layer can be limiting. Thin 

layers (tens of nm) cannot possibly give the signal strong enough when employing the 

classical transmittance mode of measurements, resulting in highly noisy IR spectra and 

therefore more difficult or imprecise analysis. The application of oblique angles of incidence 

or measurements in reflectance mode could overcome this problem of low sensitivity in such 

layers. Moreover, IR measurements can be affected by substrate and encapsulation layer 

choice, their thickness and transparency in the investigated IR region. For example, SiO2 and 

TiN as encapsulation layers are not suitable due to their absorption.  

In Raman spectroscopy measurements, the choice of laser excitation source is particularly 

crucial. Laser wavelength, power, density and duration of the laser exposure need to be 

considered. Raman scattering intensity is proportional to the fourth power of the excitation 

frequency ν
4
, thus stronger signal is expected for shorter excitation wavelengths. On the other 

hand, for non-transparent samples, longer excitation wavelengths allow deeper light 

penetration. This variation of the optical density of a material as a function of laser 

wavelength allows performing the depth profiling of some materials, notably the 

semiconductors [183]. Strong phenomena, such as fluorescence and absorbance, can also 

occur as side effects, causing strong interference in the Raman spectra. Moreover, high laser 

energy or intensity can lead to destructive effects in a material, such as sample heating, 

photodecomposition or laser ablation [184]. The examples of application of FTIR and Raman 

spectroscopies in the investigation of GST alloys are shown in the sections 2.2.3 and 2.2.4. 

2.1.3 X-ray characterization 

X-ray characterization employs electromagnetic radiation with energy between 125 eV and 

125 keV and wavelength λ between 0.01 nm and 10 nm and includes a large range of 

techniques. The interaction of X-rays with a material results in two main processes: scattering 

and photoelectric absorption.  

The elastic scattering is used by X-ray Diffraction (XRD) studying the diffraction process and 

therefore the microscopic structure in crystalline materials. XRD measurements performed in 

classical Bragg-Brentano configuration with θ-2θ scan mode result in XRD patterns with 

diffraction peaks, whose positions and intensities allow the identification of the crystalline 

phase by the comparison with Powder Diffraction File (PDF) cards in a database. Moreover, 

the relative intensities of the peaks in XRD pattern can provide information about preferred 

orientation of the crystalline grains. The diffraction angles and the calculated d-spacing are 

used to determine the lattice constants. The peak width, in particular the value of full width in 

half maximum (FWHM) can be used to calculate the average crystallites size (L) by the 

Scherrer‘s equation:  

 𝐿 =  
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
 (2.1) 

Where, K is the shape factor, λ is the wavelength and β is the diffraction peak broadening at 

FWHM after subtracting the instrumental broadening. The use of Scherrer‘s equation assumes 

that the crystallites size is the only contribution of the line broadening and neglects possible 

microstrain and defects contributions to the peak width. However, the strain and stress in the 

material as well as preferred grain orientation can be further investigated employing different 
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measuring configurations, i.e., changing the angle between the incident beam and the sample 

or using the sample rotation. The examples of XRD analyses on GST alloys are given in the 

section 2.2.6. 

In the process of the photoelectric absorption, the X-rays are absorbed by an atom and the 

energy is transferred to an inner-shell electron. This photoelectron is ejected, keeping the 

excess of the energy from the incident X-rays and leaving the atom in an excited state with an 

empty inner electronic shell. X-ray Photoelectron Spectroscopy (XPS) uses this effect and 

measures the kinetic energy of the ejected photoelectron, which allows to analyze the original 

binding energy of the electron, particular to each element, following the formula:  

 EK = hν- EB (2.2) 

Where EK and EB are the kinetic and binding energy of the electron, respectively, and hν is the 

energy of incident X-ray.  

The created hole is filled by an electron from outer shells (higher energy levels), emitting 

photons with the energy corresponding to the difference of energies between the involved 

electronic levels (Fig. 2.2). This photon energy is used in X-ray Fluorescence (XRF) analysis. 

Another related process of electronic recombination can occur, when the energy between the 

involved electronic levels is transferred to another electron from outer shells, which is 

consequently ejected from the atom (Auger electron).  

 

 
Fig. 2.2: Schematic representation of photoelectric absorption, and electron recombination filling the hole in 

inner electron shell by resulting in fluorescent X-ray emission and Auger electron emission.  

Moreover, X-ray absorption spectroscopy (XAS) techniques can be employed. The spherical 

wave function of a photoelectron ejected during the photoelectric absorption process 

interferes with the waves backscattered from neighboring atoms, resulting in oscillations 

above the absorption edge in the spectrum (Fig. 2.3), i.e., changes in X-ray absorption 

coefficient μ(E). XAS techniques measure the energy dependence of the μ(E), providing a 

unique information about local atomic structure of a selected element. Two regions can be 

discerned in X-ray absorption spectra: XANES (X-ray Absorption Near-Edge Structure) and 

EXAFS (Extended X-ray Absorption Fine Structure).  



51 

 
Fig. 2.3: Absorption spectra showing the absorption edge and the oscillation above the absorption edge. 

Pre-edge, edge and near-edge regions are studied by XANES, the oscillations above the absorption edge are 

studied by EXAFS. The upper insets show multiple scattering and single scattering processes responsible for 

XANES and EXAFS features, respectively. The lower inset illustrates the scattering interference between the 

onward and back-scattered waves [117]. 

XRF and XPS techniques allow the qualitative analysis of the material, providing elemental 

information. Moreover, XPS provides uselful information of the chemical state and the 

electronic structure of a material. These techniques can also provide quantitative analysis of 

the chemical composition, which can be employed as non-destructive metrology in process 

control. Precise calibration protocols are, however, necessary for XRF quantitative analysis, 

using standard samples for the calibration or establishing the calibration curve by means of 

other techniques probing the composition and elemental depth profiles, such as for example 

Ion Beam Analysis (IBA). 

In contrast to XRD studying the microstructure of the crystalline phase, XAS analyses 

provide information about local atomic arrangement around the selected element. In 

particular, XANES provides the information about the electronic structure, covalency, 

oxidation states and site symmetry, while the analysis of the EXAFS signal can determine the 

type of the neighboring atoms, bond distances and average coordination number. These 

techniques and their analyses are, however, time-consuming and highly demanding on the 

equipment, requiring the synchrotron source for incident X-ray radiation. The examples of 

GST characterization by X-ray techniques are provided in the sections 2.2.4 and 2.2.5. 

2.1.4 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) utilizes high energy electrons to characterize a 

material. It can provide morphologic, compositional and crystallographic information from a 

sample, depending on the employed measurement mode [173]. For example, scanning mode 

of an electron beam across a sample (STEM) makes these microscopes suitable for analytical 

techniques, such as mapping by energy dispersive X-ray spectroscopy (EDX), electron energy 

loss spectroscopy (EELS) or annular dark-field imaging (ADF). These signals can be obtained 

simultaneously, allowing direct correlation of image and spectroscopic data. Using a 

high-angle annular dark-field (HAADF) detector, it is also possible to obtain atomic 

resolution images where the contrast is directly related to the atomic number (sometimes 

called Z-contrast image) [173]. On the other hand, sample preparation can present major 

difficulties for TEM analysis, as it is usually time consuming requiring the application of 

special preparation techniques, e.g., focused-ion beam, mechanical polishing or chemical 

etching. 
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The application of TEM analysis for phase-change materials can contribute to the 

investigation of microstructure at nanoscale level, providing complementary information to 

XRD analysis probing larger sample volumes. TEM-EDX mappings allow to directly observe 

the phase segregations and the formation of enriched zones in the studied material. Moreover, 

it can provide the insight into the degradation mechanisms of a material during PCRAM cells 

operation (Fig. 2.4) [5]. 
 

 
Fig. 2.4: TEM-EDX analysis showing the behavior of a GST alloy before and after PCRAM device cycling. The 

images after cycling highlight the formation of Ge-poor and Sb-rich region in the GST alloy [5].  

2.2 Material characterization of GeSbTe alloys 
Employing a wide range of characterization techniques enables to probe the structure of 

phase-change material and give some insights into both amorphous and crystalline phases. 

Depending on the chosen characterization method, different information can be obtained, as 

illustrated in Fig. 2.5. The application of several techniques provides complementary 

information, thus enabling to demonstrate the overall picture of material structure and 

crystallization mechanism. For example, while Raman and FTIR spectroscopies refer to 

bonding arrangement in the alloys, probed in both amorphous and crystalline phases, 

complementary information can be provided by XRD studying the developed crystalline 

phases of a material, identifying the lattice parameters, crystal orientation and size or internal 

strain and stress. Besides, the experimental characterization techniques can be accompanied 

by “ab initio” simulations, being largely applied in recent years. The application of various 

characterization techniques in the investigation of several issues related to GST alloys are 

presented in the following sections.  
 

 
Fig. 2.5: Schematic representation of the different fields of study, allowing to obtain information about the 

material structure, bonding and atomic arrangement. The characterization techniques, applied in this work, are 

shown to illustrate how to provide such kind of information. Ab initio simulations can complete the experimental 

techniques, providing unique insight into the material structure.  
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2.2.1 Bonding arrangement in elemental alloys 

Raman spectrum of amorphous Ge (a-Ge) shows a broad band in the range from 30 cm
-1

 to 

300 cm
-1

, consisting of four contributions, which are labeled as transverse/longitudinal optic 

(TO, LO, respectively) and acoustic (TA, LA, respectively)–like modes (Fig. 2.6), the terms 

derived from density of states. These modes need to be understood as symmetric bending and 

stretching vibrational modes of Ge-Ge bonds in amorphous structure [185,186]. The 

crystalline Ge (c-Ge), on the contrary, features only one sharp peak in Raman spectra at 

300 cm
-1

. The observation of vibrational modes in elemental Ge allows the identification of 

related bonds in more complex systems, such as Ge-rich GST alloys, as shown later in 

Chapter 4. 

 

 
Fig. 2.6: Raman spectrum of Ge layer, showing the amorphous (TO-, LO-, LA- and TA-like) modes in the range 

from 30 – 300 cm
-1

 along with the intense sharp peak at 300 cm
-1

 of the Ge crystalline phase (c-Ge) [187].  

Undoped Ge layers were studied particularly by Raman spectroscopy, while FTIR 

spectroscopy demonstrated to be useful for the investigation of N-doping effect in amorphous 

Ge network. A band with maximum at about 700 cm
-1

 (Fig. 2.7) was observed in GeN alloys 

studied in [180]. The band integrated intensity was reported to increase with the N content in 

the alloy (up to 36 at.% of N). This band is assigned to the vibrations of in-plane asymmetric 

stretching vibration of Ge3N group, formed by planar bonded N atom with three Ge neighbors 

[180,188]. For low N content in Ge, only one contribution to the absorption band is 

evidenced. However, for higher N content, an asymmetric form of the band is observed, 

indicating the presence of additional contributions. These contributions are reported to result 

from Ge-N vibrations of the same Ge3N group in different environments. Indeed, nitrogen is 

more electronegative than germanium and its increasing content in the alloy gives rise to 

modifications in the electronic charge distribution around the germanium atoms, changes in 

Ge-N interatomic distance and thus to the frequency shift of the vibrations to higher 

wavenumbers. Some of the configurations of the additional absorption bands are depicted in 

Fig. 2.7; however, other configuration possibilities are not excluded. Indeed, any change in 

stoichiometry by addition of N may result in multiple configurations, slightly modifying the 

vibrational frequency. The illustration of discrete modes resulting from different atom 

coordinations around Ge3N group is beneficial, but only one broad additional contribution can 

be also suggested, including large variety of configurations. Moreover, the presence Ge 

dangling bonds was suggested, associated with coordination defects in the structure (due to 

fluctuation in the bond angles and lengths), inducing a broad absorption band at about 

1100 cm
-1

. However, the indicated frequencies of these additional bands may slightly vary as 

a function of subtracted background in the IR spectrum and the performed baseline correction. 
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The results presented in [180] and shown in Fig. 2.8 consider higher slope for the IR spectra 

of GeN alloys with high N content including its intensity to IR band contributions, as the 

baseline was determined at zero value of the absorption coefficient. Different choice of 

baseline subtraction in order to avoid the background effects would reduce the slope of IR 

spectra, hence slightly changing the values of position and integrated intensity of presented 

contributions.  

 

 

 

Fig. 2.7: (left) IR spectra of GeN alloys, highlighting the band of Ge3N vibrational modes at 700 cm
-1

 and its 

intensity increase with N content in the alloy; (right) Schematic representation of different chemical 

environments of Ge3N structural unit, suggested to induce the frequency shift of the Ge-N vibration [188].  

  
Fig. 2.8: IR spectra of GeN alloys with the band of Ge3N vibrational modes at 700 cm

-1
 showing several band 

contributions and their evolution as a function of N content, while the baseline is kept at zero value of absorption 

coefficient for (left) N content of 22 at.%; (right) N content of 36 at.%. The IR spectra of GeN with N ~36 at.% 

highlights the increased intenisty of contribution at 300 cm
-1

 (disorder-induced breathing mode) and additional 

contribution at 1100 cm
-1

 (dangling bonds contribution) [180].  

Antimony crystalline structure does not feature any IR-active vibrational modes. Raman 

spectrum (Fig. 2.9) shows two sharp peaks at ~110 cm
-1

 and ~145 cm
-1

, corresponding to Eg 

and A1g modes, i.e., in-plane vibrational mode and out-of-plane vibrational mode, respectively 

[189–191]. Furthermore, low intense second-order Raman scattering can be observed at 

240-300 cm
-1

. The investigation of amorphous Sb (a-Sb) layers has been limited, due to rapid 

crystallization at room temperature, which poses several challenges to a-Sb layers preparation. 

The Raman spectrum of a-Sb layer deposited at low temperature (100K) was acquired, 

showing relatively structureless higher-frequency band in the Raman spectrum with 

maximum at 150 cm
-1

 [192]. Recently, the hindered crystallization of Sb was observed in 

ultrathin films (3-10 nm-thick) encapsulated by capping layers [193]. Such ultrathin layers 

could provide new possibilities for material characterization; however, their thickness could 

also present several challenges for different characterization techniques. Nevertheless, the Sb 
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confinement at nanoscale already brings some promising results, such as reduction of 

structural relaxations responsible for aging or the drift in time of the electrical conductivity in 

the amorphous phase. These properties of ultrathin Sb layers are also suggested to be further 

exploited for precise Neuromorphic computing and for Photonic applications [191,193]. 

 

 
 

Fig. 2.9: (left) Raman spectrum of crystalline Sb, highlighting two sharp peaks at 110 cm
-1

 and 145 cm
-1

 

corresponding to Eg and A1g vibrational modes, respectively. The inset shows the second-order scattering at 

240-300 cm
-1

; (right) Raman spectrum of amorphous Sb (a-Sb) highlighting only one broad band related to a-Sb 

vibrational modes at 150 cm
-1

 [189,192]. 

Concerning the crystalline structure of Te, several works have been reported [194–197]. The 

crystal lattice of trigonal Te can be seen as built up of helical chains located at the corners and 

center of hexagonal array. The helical chains along the c axis are completed every third atom 

(Fig. 2.10). The bonding between the atoms in the chains has a covalent character, whereas 

the bonding between atoms in adjacent chains is weaker (van der Waals type) [194,198]. The 

IR and Raman vibrational modes were reported in [194]. Four optic modes, corresponding to 

two non-degenerate (A1, A2) and two doubly degenerate modes (2 E) were identified 

(Table 2-II). In an idealized crystal, the frequencies of the A1 mode and the 2 E modes are 

determined by covalently bonded atoms in the chains, whereas the frequency of the A2 mode 

is solely due to weak inter-chain interactions. Comparisons of the A1 and A2 modes 

frequencies can give an idea of the relative strength of the inter- and intra-chain forces. On the 

other hand, the comparison of the frequencies of the two E modes can give information about 

the intra-chain forces [194]. 
 

 

 

Fig. 2.10: (left) Schematic representation of Te crystalline structure along the a (top) and c (bottom) axis. 

Similarly shaded atoms are at the same level in neighboring chains and above each other in the same chain; 

(right) Raman spectra of crystalline and amorphous Te, highlighting the sharp peaks of crystalline Te modes at 

~90 cm
-1

, ~120 cm
-1

 and at ~140 cm
-1

 and broad band of amorphous Te at ~150 cm
-1

[195,199]. 
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Table 2-II: Vibrational modes of crystalline Te structure and their phonon frequencies, along with the notation if 

they are IR- or Raman-active [194].  

mode 
Phonon 

frequencies (cm
-1

) 
spectrum 

A1 Symmetric breathing 122 Raman 

A2 Rigid chain rotation 88 IR 

E Symmetric stretching / 

intra-chain rotations 

93 IR / Raman 

E 142 IR / Raman 

 

Amorphous Te (a-Te) is reported to crystallize at 10 °C and is unstable at room temperature 

[199]. The Raman spectrum of a-Te acquired at low temperature (77K) is dominated by broad 

band at ~150 cm
-1

 accompanied by low intense shoulder at 90 cm
-1

 (Fig. 2.10). It was 

suggested that this vibrational frequency is proper to Te chains, which is, in Te crystal 

structure, depressed to be in the range of ~90-140 cm
-1

 due to ordered structure and long 

range interactions [199]. Contrary to Sb, the investigations of a-Te brought some 

interpretations about the bonding arrangement in the amorphous structure. It was proposed 

that a-Te consists of short chains with less than 10 Te atoms. It was also shown that the 

intra-chain bond length is decreased relative to c-Te, while the inter-chain distance is 

increased [199–201]. These interpretations were recently confirmed by density functional 

studies on calculated a-Te structures [202].  

2.2.2 Investigation of electrical and optical properties 

The R vs T plot of different phase-change materials is shown in Fig. 2.11. A large contrast 

between amorphous and crystalline phases can be observed, reaching up to five orders of 

magnitude for N-doped GST alloy. The sharp drop of resistivity indicates the different 

crystallization temperature Tx, related to the stability of the amorphous phase. Alloys with 

higher crystallization temperature are preferred as they can meet the material stability 

requirements for embedded and automotive applications. Sharp resistivity drop can be 

observed in the case Sb2Te, GeSb and AIST alloys corresponding more likely to the 

growth-dominated crystallization, whilst more gradual resistivity drop in GST and N-doped 

GST rather indicates the nucleation-dominated crystallization.  

Complementary to R vs T dependencies, the measurements of optical reflectivity as a function 

of temperature can be performed using the in-situ ellipsometry. The phase transition in 

phase-change alloys is accompanied by a large contrast in optical reflectivity, demonstrating 

low values for amorphous phase and high values for crystalline phase (Fig. 2.11). The sharp 

transition of the reflectivity can also serve for the determination of Tx. A shift of the Tx to 

higher temperatures can be observed with increasing N content in GST alloy, as well as 

changes in the transition dynamics. Indeed, in-situ ellipsometry analysis confirmed the effects 

of N doping on transition kinetics, i.e., the reduction of both nucleation and growth rates 

along with the increase activation energy for crystallization [174,203].  
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Fig. 2.11: (left) R vs T curves of different phase-change alloys; (right) Optical reflectivity as a function of 

temperature for GST and two N-doped GST alloys [26,203]. 

The R vs T curve can be affected by several factors, such as such as film thickness, heating 

rate, deposition method and parameters. The R vs T plots of Ge2Sb2Te5 films with reduced 

thicknesses (Fig. 2.12) showed the significant increase of crystallization temperature (from 

about 150 °C to 250 °C). The phenomenon is likely related to the reduced amount of material 

available for the nuclei formation and thus the initiation of crystallization. Also, reduced 

crystallization speed was observed when the film thickness was reduced under a certain value 

(<10 nm) due to the grain growth stopped along the direction of layer thickness [204,205]. 

Concerning the impact of heating rate on R vs T curves of Ge2Sb2Te5, the 

amorphous-to-crystalline phase transformation shifts towards higher temperatures with 

increasing heating rate. Simultaneously, the calculated overall activation energy of 

crystallization EA was significantly reduced, resulting likely from the reduced activation 

energies for both nucleation and growth due to enhanced atomic diffusion at higher 

temperatures [175]. 

 

 
 

Fig. 2.12: (left) R vs T curves of the Ge2Sb2Te5 films with various thickness highlighting the shift of the phase 

transition to higher temperatures with reduced layer thickness; (right) R vs T curves of the Ge2Sb2Te5 films 

annealed with different heating rates [175,204]. 
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2.2.3 Identification of structural units 

Raman spectroscopy has demonstrated to be a suitable method for the identification of 

structural units present in chalcogenide alloys, either in the amorphous or the crystalline 

phases. Moreover, the spectral analysis of parental binary alloys can contribute to better 

understanding of the structural arrangement of more complex systems, such as ternary GST 

(Fig. 2.13). The Raman spectrum of as-deposited crystalline GeTe alloy shows two sharp 

peaks at 122 cm
-1

 and 141 cm
-1

 assigned to E2g and A1u vibrational modes of Ge-Te bonds, 

respectively [206,207]. The spectra of as-deposited crystalline Sb2Te3 alloy shows three peaks 

at 68 cm
-1

, 112 cm
-1

 and 166 cm
-1

, assigned to the A1g and E2g vibrational modes of Sb-Te 

bonds [127,208–210]. The Raman spectrum of as-deposited amorphous Ge2Sb2Te5 alloy 

features a broad band between 100 cm
-1

 and 200 cm
-1

 indicating several contributions. The 

dominant contribution at ~150 cm
-1

 can be related to various vibrational modes, likely rising 

from both Sb2Te3 component and/or GeTe component. Moreover, Te-Te characteristic 

vibrational modes are known to also appear at the corresponding wavenumber [211]. 

However, Te-Te contribution can be excluded as it is very unlikely that Te-Te bonds exist in 

Ge2Sb2Te5. EXAFS studies and ab initio calculations later confirmed their absence, showing 

the presence only of few dimers or trimers in disordered structure, which could not give rise 

such intense Raman band [96]. Taking into account the analogy with amorphous GeTe alloy, 

the band could be assigned to edge-sharing GeTe tetrahedra [179,212]. However, the most 

probable assignment refers to the stretching modes of SbTe3 pyramids, supported by large 

spectra similarities with amorphous Sb2Te3, scaling analogy with the isomorphous Sb2S3 

system and higher polarizability of the Sb2Te3 component in comparison with the GeTe 

[211,212]. The second contribution forming a broad shoulder at ~120 cm
-1

 is assigned to the 

vibrations of GeTe4-nGen (n = 0, 1, 2) mixed units [179]. The Raman spectrum of Ge2Sb2Te5 

undergoes significant changes upon annealing. After annealing at 400 °C, Ge2Sb2Te5 is 

known to be in the ordered hexagonal crystalline phase as confirmed by XRD [213,214]. The 

position of strong sharp peak at ~160 cm
-1

 corresponds to the A1g mode of Sb2Te3 binary 

alloy, thus demonstrating that the Sb-Te units form the dominant structural order. On the 

contrary, the relative intensity of mixed GeTe modes decreases likely due to structure 

ordering, while the position of this contribution is maintained.  

Besides the identification of the main structural units, Raman spectra can provide valuable 

information about the structural changes as a function of composition (Fig. 2.13). Broad 

Raman band between 100 – 200 cm
-1

 is shown to be common to different amorphous GST 

alloys along the GeTe-Sb2Te3 pseudo-binary line. As the Ge content in the alloys increases, 

slight shift of the main contribution to higher wavenumbers can be noticed as well as more 

pronounced contribution of GeTe modes at 120 cm
-1

 [215].  
 

  
Fig. 2.13: (left) Raman spectra of as-deposited binary GeTe and Sb2Te3 alloys (633 nm laser), as-deposited (AD) 

and annealed Ge2Sb2Te5 alloy (532 nm laser); (right) Raman spectra evolution as a function of GST alloys 

composition along the GeTe-Sb2Te3 pseudo-binary line [215].  
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2.2.4 N-bond formation and oxidation effects 

Understanding the effect of light dopant elements when introduced into the structure of GST 

alloy becomes one of the key points for optimization of material properties. Either as a 

substituent or as an interstitial, the light dopant element will interact with GST alloy, possibly 

forming bonds with its elements. XPS has shown to be an effective technique to probe the 

binding states to display the formation of element-N bonding in the alloys (Fig. 2.14). 

Moreover, this technique can highlight the possible presence of molecular nitrogen in highly 

N-doped alloys. As a surface technique, XPS is particularly suitable to observe surface 

effects, such as layer oxidation by identifying the binding of the elements with oxygen [216–

218].  

Besides XPS, FTIR spectroscopy has also proven to be suitable for the observation of N 

bonds in GST phase-change alloys, as already shown in the section 2.2.1. While Ge or Sb 

elements are IR inactive in mid-IR range, doping the alloys by nitrogen leads to enhanced 

disorder, inducing a considerable charge transfer between these atoms and N atom and thus 

producing strong IR absorption bands. Indeed, this effect has been observed for N-doped Ge 

alloys (Fig. 2.7). Whereas XPS is a surface technique, FTIR spectroscopy considers the bulk 

structure of the studied material. Moreover, not only the type of bonding, but also the entire 

structural units can be identified. FTIR spectroscopy can also serve to examine the layer 

degradation. An example is shown on Fig. 2.15, where several bands appear in the IR 

spectrum after air exposure due to interaction of the layer with the atmosphere.  

 

  
Fig. 2.14: XPS spectra of undoped and N-doped Ge compouds, demonstrating the different binding states and 

the formation of Ge-N bonding. (left) XPS Ge3d spectra highlighting the contribution of Ge-Ge, Ge-N and 

GeON binding states; (right) N1s spectra, highlighting Ge-N binding states and the presence of molecular N2 in 

highly N-doped Ge [218].  
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Fig. 2.15: IR spectra of annealed N-doped Ge-rich GST alloy before and after air exposure showing the layer 

oxidation.  

2.2.5 Investigation of local environment 

Employing the XAS technique to investigate the local environment of the GST alloy allowed 

revealing the presence of shorter and longer Ge-Te bonds in the GST structure and identifying 

the octahedral and tetrahedral coordination of Ge atoms in the amorphous and crystalline 

phases, discussed already in Chapter 1. These results provided the development of the 

umbrella-flip model describing the phase-transition. Recently, XAS studies were performed 

on crystalline GST alloys with innovative superlattice-like structure (GeTe/Sb2Te3) to 

investigate the structure at the layer interfaces and to observe the lattice distortion and atoms 

intermixing [219].  

The experimental XAS studies started to be supported by density functional theory (DFT) 

calculations with AIMD simulations, in particular for the liquid or the amorphous phase. 

AIMD simulations allow to obtain a detailed picture of the structure and chemical bonding, 

while the calculations are employed to compute the electronic properties and their correlation 

with the material structure (Fig. 2.16). Owing to the simulations along with the experimental 

XAS data, the coexistence of tetrahedral and defective octahedral coordination of Ge atoms in 

amorphous phase was demonstrated [96] as well as the conflict between DFT and XAS 

interpretation of the presented umbrella-flip model [96,124]. The insight on the local structure 

and its geometry is obtained from the angle distribution function and the average coordination 

number, calculated from partial pair correlation functions. An important information can be 

further obtained by calculation of the vibrational density of states (VDOS), providing the 

distributions of vibration frequencies, which can be further compared to experimental data 

from Raman or FTIR spectroscopy [90,96,102,220,221].  
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Fig. 2.16: a) Simulation of c-Ge2Sb2Te5 system: Ge (red), Sb (blue), Te (yellow), vacancies (light blue); 

b) calculated and experimental x-ray scattering function S(Q). The inset shows the illustration of defective 

octahedral sites for 4-fold coordinated Ge and 3-fold coordinated Te atoms. c) Angle distribution function for 

Ge, Sb and Te atoms. The inset highlights the distribution of coordination numbers. d) Calculated vibrational 

densities of states for amorphous Ge2Sb2Te5 using two different methods (VDOS and v-v- ac spectra) and partial 

vibrational densities of states for Ge, Sb, Te elements and 4-fold coordinated Ge [96,102].  

2.2.6 Microstructure analysis 

Complementary to invetigations presented in the sections 2.2.1 - 2.2.5, which focus on the 

local bonding arrangement and the structural units in the material, the microstructure of the 

crystalline phase can be effectively probed by XRD. The XRD patterns can give the 

information about crystalline phases, internal stress and strain, texture and crystallites size. As 

an example, the effect of N doping on Ge2Sb2Te5 cubic crystalline structure is shown in 

Fig. 2.17. The increasing N content results in peaks broadening in the XRD pattern due to less 

developed cubic crystalline phase (reduced crystallites size). Higher N contents result in 

complete disappearance of the peaks related to cubic crystalline phase, followed by the 

appearance of new set of peaks related to the formation of Ge2Sb2Te5 hexagonal crystalline 

phase.  

 

(b)
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Fig. 2.17: (left) the impact of increasing N content on XRD patterns of crystalline Ge2Sb2Te5 showing 

well-formed cubic crystalline phase for undoped alloy and hexagonal crystalline phase for N = 31 at.%; 

(right) The evolution of crystallites size and FWHM of the [200] peak as a function of increasing N content 

[152]. 

Recently, XRD studies characterizing structural and mechanical properties in undoped and 

N-doped Ge2Sb2Te5 alloys were reported in [203,222]. The combination of in-situ XRD with 

X-ray reflectivity (XRR) was used to observe the volume shrinkage and to evaluate the strain 

and stress during alloy crystallization and upon N doping. The results demonstrated a 

considerable stress upon crystallization accompanied by density increase (1 - 4 %) and 

thickness reduction (1 - 10 %) depending on N content [203]. Subsequently, out-of-plane 

stress relaxation was observed, favored by the grain growth of the crystalline phase. 

XRD results can be notably supported by TEM images with corresponding selected area 

electron diffraction (SAED) patterns (Fig. 2.18). TEM images can highlight the crystallization 

phases and the atomic order of the studied material, as well as possible voids formation or 

material segregation to element-rich/-poor zones. Indeed, Energy Dispersive X-ray 

Spectroscopy (EDX) combined with TEM can provide elemental mappings of studied alloys. 

Such studies, combining XRD and in-situ TEM analyses, were recently performed to 

investigate the crystallization process in undoped and N-doped Ge-rich GST alloys and the 

layer oxidation (Fig. 2.19) [3,4,223]. These studies demonstrated the coexistence of two 

crystalline phases, resulting from Ge and GST phase segregation upon alloy crystallization. It 

was concluded that the crystallization is activated through primary formation and 

crystallization of pure Ge regions, followed by crystallization of stoichiometric GST phase. 

These observations further suggest the nucleation-dominated phase change process with Ge 

homogeneous nucleation taking place randomly in Ge-rich GST layer. Although the studied 

layers were protected by thin TiN capping layer, oxygen diffusion was observed followed by 

oxygen accumulation in the Ge-rich regions of the layer.  
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Fig. 2.18: HRTEM image of grain boundary at the transition between cubic crystalline phase (f-phase) and 

hexagonal phase (h-phase) [224]. 

 
Fig. 2.19: TEM-EDX mapping of a Ge-rich GST alloy: (a) Superposition of the STEM EDX maps of (b) Ge, 

(c) Sb, (d) Te, (e) N and (f) O of the layer annealed at 400 °C for 30 minutes [3]. 

2.3 Sample preparation and the experimental part of the thesis 
In this work, the undoped and N-doped alloys of two main groups of materials were 

investigated: a) Ge, Sb and Te elemental systems; b) Ge-rich GST alloys. The layers were 

deposited on 200 nm Si substrate wafers, if not specified otherwise in the text. The deposition 

by magnetron sputtering (for Ge, Sb and Te layers) and co-sputtering from Ge and Ge2Sb2Te5 

targets (for Ge-rich GST alloys) was performed (EVATEC CLN 200). The layer deposition 

was kept at room temperature. The undoped layers were deposited under Ar atmosphere. The 

N-doped layers were prepared by reactive sputtering from the same targets and with Ar/N2 gas 

mixture in the deposition chamber. The different N contents in the layers were obtained by 

varying the ratio between Ar and N2 gas flow during the film deposition. The layers were 

protected by in-situ deposited encapsulation layers to prevent surface oxidation. The summary 

of the deposited layers is listed in Table 2-III. The composition of the as-deposited layers was 

measured by Wavelength Dispersive X-ray Fluorescence Spectroscopy (WDXRF Rigaku 

AZX 400) using the methodology described in [225].  
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Table 2-III: Summary of deposited thin layers along with their parameters. The thickness of the layers was 

targeted to 100 nm. The layers were protected by thin carbon capping layer to prevent oxidation.  

Thin layers Doping 
Atmosphere in 

deposition chamber 

Layer 

thickness 
Encapsulation 

- Ge, Sb, Te 

- Ge-rich GST 
Undoped Ar 

100 nm 
Carbon layer 

~3.5 nm - Ge, Sb Te 

- Ge-rich GST 
N-doped Ar/N2 mixture 

 

The ex-situ annealing was performed with a ramp-up of 10 °C/min. The samples of the layers 

were annealed for the duration of 5 minutes at the target temperature under inert N2 

atmosphere. The layers were characterized by the combination of several characterization 

techniques: 

- RvsT measurements: the layers of Ge2Sb2Te5, undoped and N-doped Ge-rich GST were 

deposited with similar process parameters on SiO2 substrates and protected by a 

10 nm-thick SiN capping layer for the purpose of RvsT measurements. The measurements 

were performed with four-point probe technique with a fixed heating rate of 10 °C/min. 

- FTIR spectroscopy: The IR transmittance spectra converted to absorbance were acquired 

in the range from 4000 cm
-1

 to 30 cm
-1

 (Bruker Vertex 70VA) with the resolution of 

4 cm
-1

, accumulating 64 scans. 

- Raman spectroscopy: Raman spectra were measured at room temperature (Renishaw 

InVia) using the 532 nm laser diode excitation source and the focusing lens with the 

magnitude 100x and numerical aperture 0.85. The measurements were performed in the 

Raman shift range from 100 cm
-1

 to 1000 cm
-1

. The laser power was kept at low level 

(<0.6 mW) to avoid the heating and hence the induced modification of the layer 

morphology.  

- Spectroscopic Ellipsometry: The in-situ ellipsometry (Woollam M2000) measurements of 

as-deposited Ge-rich GST samples were performed using the incident light in the visible 

range. The same ramp as in ex-situ annealing (10 °C/min) was used for the measurements. 

- XRD: The data were obtained at room temperature with a two-circle diffractometer 

(PANanalytical Empyrean) using the Cu Kα radiation (λ = 1.5406 Å) as X-ray source. The 

measurements were performed in Bragg-Brentano geometry within the 2θ range 22°-56° 

(with a step size of 0.01°). 

- TEM-EDX: The samples were prepared by Ga
+
 Focused Ion Beam (FIB) milling (FEI 

Helios 450). Silicon oxide and tungsten protection layers were deposited to protect the 

regions of interest from the tails of the ion beam. The samples were observed at 200 kV 

using a probe corrected Titan Themis FEI microscope equipped with the Super-X detector 

system for EDX. The EDX mappings were obtained with the resolution of 320x900 pixels 

using a dwell time of 50 μs. The quantification was performed using the k factors 

implemented in the Bruker Esprit software. 

- XAS: EXAFS and XANES measurements were performed at the XRF beamline at Elettra 

Sincrotrone Trieste, Italy. The Ge-K EXAFS measurements, Sb-L3 and Te-L3 XANES 

measurements were performed in fluorescence mode for the undoped and N-doped Ge, Sb 

and Te samples, respectively. Theoretical EXAFS functions for Ge-Ge, and Ge-N pairs 

were generated using the FEFF program package [226].  
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2.4 Chapter summary 
The unique properties of phase-change materials are determined by their structure, which 

makes the structural investigation an important part of the material engineering. Both the 

amorphous and crystalline phase structures need to be investigated in order to understand the 

bonding arrangement, structural evolution, phase transition dynamics and kinetics. Probing 

the short- and long-range order of the phase-change alloys can be performed by appropriate 

combination of characterization techniques. Electrical, optical, X-ray characterizations along 

with Transmission electron microscopy were briefly presented in the first part of this chapter, 

describing their potential contribution and possible challenges concerning the structural 

analysis of phase-change alloys.  

Employing various characterization techniques and/or their combination can provide essential 

information, as highlighted in the second part of this chapter. Resistivity measurements do not 

only provide the information about electrical properties but can also indicate the possible 

nature of the crystallization mechanism (nucleation-dominated, growth-dominated). Raman 

and FTIR spectroscopies introduce the analysis of the bonding arrangement and highlight the 

structural units forming both amorphous and crystalline phase of the material. FTIR 

spectroscopy together with XPS has proven to be effective in analyzing the bonding in doped 

elemental systems and GST alloys as well as the layer degradation by oxidation process. XAS 

analyses provide deep information about the local structure concerning the closest neighbors 

of selected element of a studied material. XRD analysis is a powerful technique to analyze the 

crystalline structure, identifying the crystalline phases, determining the crystallites size and 

the stress and strain in the alloy upon crystallization. TEM can complete the microstructural 

analysis at the nanoscale level. The TEM-EDX elemental mapping allows to observe phase 

segregations, elemental migration and voids formation in studied alloys.  

The characterization techniques demonstrated in this chapter are employed in the following 

investigation of undoped and N-doped elemental Ge, Sb and Te systems and Ge-rich GST 

alloys presented in the chapters 3 and 4. The combination of the employed techniques allows 

to obtain complementary information on both the bonding arrangement and the 

miscrostructure, thus to provide the overall picture of structural evolution and phase transition 

dynamics. The results of the material characterization already reported in literature and 

demonstrated in the second part of this chapter provide the important base of information for 

this following investigation. 
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3 Chapter 3 

 

Nitrogen-doped Ge, Sb and Te elemental 

compounds 

Ternary GeSbTe (GST) alloys have demonstrated to be key phase-change materials for 

PCRAM technology, as shown in the chapters 1 and 2. Moreover, the material engineering of 

GST alloys has been extensively investigated over the past years as a possible approach to 

improve the phase-change material properties. In particular, the nitrogen doping has shown 

the promising improvements concerning the thermal stability of the alloys. Although such 

promising achievements, the impact of nitrogen incorporation on the material structure and its 

bonding arrangement is not fully understood. The characterization of the nitrogen doping 

effect in a complex structure such as in ternary GST alloys requires the primarily 

investigation of the nitrogen impact and bonding in elemental systems. 

In this chapter, we provide deep spectroscopic investigation of as-deposited undoped and 

N-doped Ge, Sb and Te elemental layers, carried out principally by FTIR and Raman 

spectroscopy, in order to identify the vibrational features characteristic of N bonding in the 

structure. The experimental spectroscopic results are supported by “ab initio” simulations of 

the related ideal nitride structures. Further, the study of structural evolution as a function of 

the temperature is provided in order to investigate the stability of as-deposited layers. The 

main results obtained from the investigation of N-doped elemental Ge, Sb and Te layers are 

further applied to ternary alloys to provide first approach structural analysis of N-doped GST. 
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3.1 GeN, SbN, TeN literature context 
Germanium, Antimony and Tellurium are metalloids considered as ―Technology critical 

elements‖ [227,228], used for a wide range of applications in optics, photonics, 

microelectronics and solar cells industry [229–236]. In particular, oxides, nitrides or even 

oxynitrides of these elements have drawn attention over the past years. Germanium and 

germanium nitride (GeN) alloys are systematically studied in the field of microelectronics 

owing to their structural similarities with conventional Si and SiN alloys [237–242] and high 

carrier mobility. Germanium nitrides and oxynitrides are investigated as potential gate 

insulators or passivation layers for Ge-based field effect transistors (FETs) and radiation 

detectors [243–246]. High-pressure antimony nitrides and antimony azides were prepared, 

seen as potential candidates for high-energy density materials [247–249]. Potentially stable 

antimony oxynitrides were also recently presented in [250]. Moreover, the SbN alloys along 

with GeN and other metal nitrides are considered as an attractive class of anode material for 

rechargeable lithium batteries [251–253]. Tellurium chemistry has reached a significant 

development in the field of Te-rich tellurides and tellurium coordination chemistry, in which 

the Te-N bond is stabilized by organic ligands or by adopting the heterocyclic structure 

[197,254–258]. Indeed, highly N-enriched cyclic compounds based on TeN6 prepared under 

high pressure were proposed in [259], potentially facilitating the application of such alloys in 

high-energy density materials. On the contrary, only few inorganic tellurium nitride 

compounds are identified. TeN, Te3N4 and Te4N4 binary nitrides were reported in literature, 

although described as highly unstable [260]. Considering the analogy with other elements of 

the same group, i.e., S and Se, the sulfur and selenium nitrides E2N2 and E4N4 (E = S, Se) 

compounds are known, adopting ring and cage-like structures, respectively [197,255,261]. 

Tellurium nitrides, however, demonstrate different nature. Te3N4 is commonly referred as 

empirical composition, but its structure is unknown so far. Recently, stable 2D chalcogenide 

nitrides 1T-XN2 (X = S, Se, and Te) were designed via first-principles simulations, opening 

the potential way for applications in optoelectronic devices working under blue or UV light, 

and in mechanical sensors [262]. 

A map of inorganic nitrides was suggested in [263], predicting the formation of binary 

nitrides and calculating their formation enthalpies. While the formation enthalpy of GeN 

system is about -0.25 eV/at (Ge3N4 structure), the calculated value for SbN system increases 

to 0.18 eV/at (SbN structure) and for TeN system to 0.68 eV/at (Te3N4 structure; 1.09 eV/at 

for TeN2 structure) [263,264]. These values indicate the high stability of GeN system, while 

the formation of SbN and TeN is much less favorable. The binding states in GeN, SbN, TeN 

and their N-doped binary and ternary alloys were investigated by XPS in [265]. Ge-N, Sb-N 

and Te-N binding states were identified in prepared thin films as well as the apparition of 

molecular N2 state in highly N-doped elemental alloys. 

The benefit of N doping of binary (GeTe, SbTe) and ternary (GST) chalcogenide alloys is 

largely investigated in the field of PCRAM technology. It has been suggested that N doping in 

these alloys leads to the preferential formation of Ge-N bonds, which are responsible for the 

increase of crystallization temperature and the reduction of the grain size of the formed GST 

crystalline phase [171,266,267]. However, the effect of N incorporation in GeSbTe alloys 

raises also several questions related to the bonding configuration, concerning in particular 

possible nitrogen bond formation with Sb and Te elements.  

The deep investigation of bonding arrangement in GeN, SbN and TeN elemental alloys by 

using various optical and X-ray characterization techniques can greatly contribute to the 

understanding not only of the structure of N-doped GST alloys used in the field of PCRAM, 

but also of other complex systems based on these elements used in different technological 

fields, such as for example N-doped GaSb alloys used in optoelectronics and high-power 

electronics [268–272]. 
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3.2 Quantification of N content 
The GeN, SbN and TeN layers with different N contents were prepared varying the N2 flow 

during the film deposition from 0.5 sccm up to 40 sccm. The N content in the layers discussed 

in this chapter refers to the N2 flow used during deposition. The composition of the layers was 

measured by WDXRF. The values obtained for GeN layers were corrected based on the 

quantification performed by IBA, as described in the section 3.2.1. 

Fig. 3.1 presents the WDXRF quantification of the N content in the studied layers as a 

function of N2 flow. Ge layers feature the highest N incorporation, reaching more than 

50 at.% of N content for N2 flow from 20 sccm. On the contrary, Te showed to be the least 

prone to incorporate the N. The comparison of the N content for the N2 flow of 2 sccm, 

10 sccm and 20 sccm is shown in Table 3-I. The tendency of the systems to incorporate the 

nitrogen is related to the possibility to form the corresponding X-N bonds (X = Ge, Sb or Te). 

The formation enthalpies of known nitride structures presented in the section 3.1 can be used 

in order to approximate the tendency of Ge, Sb and Te to form the related nitride, i.e., to bond 

with nitrogen. The reported values demonstrate that germanium nitride presents the most 

stable nitride structure among the studied systems.  

 

 
Fig. 3.1: N content in N-doped Ge, Sb and Te layers measured by WDXRF as a function of N2 flow during the 

deposition. Dashed lines indicate the N2 flow of 2 sccm, 10 sccm and 20 sccm. The highest incorporated N 

content is observed for GeN layers. 

Table 3-I: Comparison of the N content in Ge, Sb and Te for the N2 flow of 2 sccm, 10 sccm and 20 sccm. 

N2 flow 
N content (at. %) 

GeN SbN TeN 

2 sccm 14.5 9.5 0 

10 sccm 37.9 27.0 9.3 

20 sccm 49.6 38.9 13.1 
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3.2.1 Quantification by IBA techniques 

WDXRF is a useful non-destructive in-line process control method, which enables to obtain 

precise sample stoichiometry. Fundamental parameter methods combined with pure elemental 

samples have shown good accuracy for the XRF quantification of heavy elements. On the 

contrary, the quantification of low-Z elements, such as nitrogen, brings some complex issues, 

as described in [225], which makes this method inappropriate for N-doped complex alloys, 

such as GeSbTe. IBA (Ion Beam Analysis) techniques have shown to be suitable and 

independent methods to quantify the nitrogen standards for such alloys and thus allowing to 

establish the calibration curves for in-line WDXRF measurements. Nuclear Reaction Analysis 

(NRA) can be adopted for N quantification, accompanied by Rutherford Back Scattering 

(RBS) and Particle Induced X-ray Emission (PIXE) for determining Ge and Sb and Te 

contents. The collaboration with CEA-IRAMIS was established in order to adopt the IBA as a 

reference technique for WDXRF quantification of N-doped elemental alloys and further for 

N-doped GeSbTe alloys.  

The experimental approach of N quantification is based on the 
14

N(d,p0)
15

N nuclear reaction. 

At first, the cross-section control was performed on 200 nm-thick SiNx films, due to large 

discrepancy between the referenced and simulated cross-section data (Fig. 3.2). The 

measurements of 
14

N(d,p0)
15

N nuclear reaction were performed in the range from 1775 keV 

to 1975 keV in order to precisely determine the cross-section maximum. The Si-N ratio was 

measured by proton RBS, performed at 1490 keV (i.e., the energy at which the cross-section 

for Si and N are well referenced and shows the minimal discrepancy). The number of counts 

as a function of energy for the used nuclear reaction shows a good match between the 

experimental data and simulated data based on the available data base (Kokkoris&SigmaCalc; 

Fig. 3.2). Based on these results, the cross-section by Kokkoris are adopted for the data 

simulation of following sample measurements, performed at maximum energy of 1925 keV 

and using the corrective factor of 1.083.  
 

  
Fig. 3.2: (left) Illustration of simulated and bibliographic data of the cross-section for 

14
N(d,p0)

15
N reaction; 

(right) Comparison of the intensity (counts) as a function of the incident energy of the experimental and 

simulated data of the cross-section control performed on SiNx samples.  

A set of N-doped Ge layers with a nominal thickness of 100 nm was deposited on 300 mm Si 

wafers by reactive sputtering (Applied Materials Endura300) in Ar/N2 gas mixture in the 

deposition chamber. The layers with different N incorporation were prepared by varying the 

ratio between Ar and N2 gas flows during the film deposition, increasing the N2 flow from 

0 to 50 sccm. The layers were protected by an in-situ deposited carbon capping layer (~5 nm). 

The quantification of N content in prepared GeN layers was performed by WDXRF, after 

which the samples were sent to CEA-IRAMIS in order to perform IBA measurements. The 

quantification of N content was performed based on the protocol established by SiN 
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cross-section control described above. The Ge content was verified by NRA and PIXE. The 

comparison of the samples compositions determined by both WDXRF and IBA techniques is 

presented in the Appendix 2. The IBA data for N quantification were used to adjust the 

calibration curve for N quantification in Ge layers by WDXRF. The values of N content for 

the GeN layers presented above in this section were obtained using the corrected calibration 

curve.  

3.3 Spectroscopic studies of N-doped Ge, Sb and Te compounds 
FTIR and Raman spectroscopy were used as characterization techniques to investigate the 

structure of both undoped and N-doped elemental alloys. The IR and Raman spectra 

decomposition and fit parameters for all three N-doped systems are reported in Appendix 3. 

3.3.1 Ge and GeN layers 

The undoped Ge layer does not show any absorption features in the IR spectrum in the 

investigated wavenumber range. On the contrary, N doping of Ge produces a strong IR 

absorption band with the maximum at about 690 cm
-1

 and a second broad band at about 

300 cm
-1

 (Fig. 3.3). Based on the investigation of GeN and GeN:H alloys [181,182,188,239], 

these bands are related to in-plane asymmetric stretching and disorder-induced breathing 

vibrational modes of Ge3N skeletal group, respectively. The asymmetric form of both bands 

in the IR spectra becomes more evident with increasing N content and indicates the presence 

of more than one contribution. Indeed, main contributions at 680 cm
-1

 (νs) and at 280 cm
-1

 (νb) 

and additional contributions with maxima at 750 cm
-1

 (νs‘) and at 390 cm
-1

 (νb‘) were 

identified in our IR spectra. The demonstrated additional contributions present one of the 

possible approches for GeN band deconvolution, as described in the section 2.2.1. Only one 

additional contribution was added in the case of our studied GeN layers. However, more than 

one additional contribution at fixed positions and FWHM could be also employed. The 

integrated intensity of the GeN bands (νs + νs‘) increases with N content, reaching the 

maximum value for GeN 20 sccm (Fig. 3.4). The same trend was observed in previous 

investigations [180,188], described in the section 2.2.1. However, contrary to those previously 

reported results, we further observe the intensity decrease for highly doped GeN compositions 

(N content about 50 at.% and more), while the band broadening still continues. Furthermore, 

we did not observe any other band at higher wavenumbers (>900 cm
-1

), reported in previous 

studies [180] and assigned to dangling bonds due to disordered structure (also described in the 

section 2.2.1). 

The Raman spectrum of the undoped Ge layer (Fig. 3.3) shows a characteristic band in the 

range from 100 cm
-1

 to 300 cm
-1

. This band is assigned to amorphous Ge (a-Ge) and 

composed by the contributions of main TO-like mode (275 cm
-1

), LO-like mode (220 cm
-1

) 

and LA-like mode (160 cm
-1

) [187,188,273], thus indicating the amorphous character of the 

deposited alloys. The TA-like mode is not observed here as it appears at wavenumbers 

(~80 cm
-1

) below the edge of the used notch filter. Significant broadening of the a-Ge band is 

observed with increasing N content. Moreover, a new broad band with the maximum at about 

700 cm
-1

 appears in the spectra. This band is assigned to the vibrations of the Ge3N group, 

observed also in IR spectra [188]. More than one contribution to this broad band can be 

distinguished, in particular in spectra of GeN with high N content (about 50 at.% and more, 

i.e., from GeN 20 sccm), which can be correlated with the main band observed in IR spectra. 

The contributions of vibrational modes originating from the Si substrate also become evident 

in the GeN spectra as the N content increases: the main peak at 521 cm
-1

, second order 

scattering modes at 950 cm
-1

 and at 300 cm
-1

 (in GeN 40 sccm) [274,275]. Their intensity 

increases with the N content due to progressive transparency of the GeN layers related to the 

changes in optical properties (i.e., optical absorption) [188].  
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Fig. 3.3: IR (a) and Raman (b) spectra of undoped and N-doped Ge. The IR spectra shows the main broad band 

at ~680 cm
-1

 (νs) and second band at 300 cm
-1

 (νb), corresponding to stretching and breathing modes of Ge3N 

units, respectively. Raman spectra highlight the boradening of a-Ge modes (100 – 300 cm
-1

) and the appearance 

of the band related to Ge-N modes (600 – 800 cm
-1

) with increasing N content.  

  
Fig. 3.4: a) normalized IR band, highlighting the shoulder broadening with increasing N content. The dashed 

lines indicate the positions of main and additional contributions. The inset illustrations represent the bonding 

arrangement between Ge and N atoms in the structure; b) Integrated area of IR band at ~690 cm
-1

 assigned to 

the Ge-N bond vibration (black points) and the ratio of integrated areas of its contributions (main contribution 

at ~680 cm
-1

, additional contribution at ~750 cm
-1

, red points).  

The presence of additional contributions (νs‘) in the main band of the IR spectra (at 690 cm
-1

) 

was described in [180,188]. The N incorporation leads to changes in local environment, in 

which more Ge neighboring atoms around the Ge3N group are bonded to nitrogen. This leads 

to inductive effects resulting in the shift in the main vibrational energy to higher 

wavenumbers and to the consequent appearance of an additional contribution νs‘.  

As the layers feature a high degree of disorder, which further increases with N incorporation, 

this additional contribution νs‘ represents the sum of possible different Ge-N bonds 

configurations, adding their shifted vibrational modes to the main band. Therefore, the 

integrated intensity of the main band at about 690 cm
-1

 increases with the formation of new 

Ge-N bonds. However, the formation of new Ge-N bonds leads to the saturation of the 

system, resulting in a maximum for GeN 20 sccm (N content about 50 at.%). The vibration of 

the Ge3N group becomes highly affected by the presence of neighboring Ge-N bonds, thus 

causing the reduction of its vibrational mode νs at 680 cm
-1

. This results in the reduction of 

the band integrated intensity in the layers with higher N content, even though the broad 

additional contribution νs‘ at 750 cm
-1

 continues to slightly grow (Fig. 3.4), leading to the 
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preponderance of configurations richer in N atoms. These observations correspond to the 

increasing intensity of the Ge-N band in Raman spectra. At the same time, the broadening of 

modes assigned to a-Ge (i.e., vibration of Ge-Ge bonds) suggests reduction of Ge-Ge bonds 

contribution in the layer structure and preferential formation of Ge-N bonds in the alloy.  

3.3.2 Sb and SbN layers 

Undoped antimony is known to be IR-inactive in the explored wavenumbers range. IR spectra 

of N-doped Sb layers (Fig. 3.5) feature a broad band at 600 cm
-1

, whose intensity increases 

with the N content in the layer. The asymmetric form of the band suggests the presence of 

more than one contribution. In particular, the main contribution ν1 can be found at ~560 cm
-1

, 

accompanied by an additional band ν2 at ~630 cm
-1

. Other bands can be observed at about 

300 cm
-1

 (ν3) and 145 cm
-1

 (ν4). The intensity of the band at 300 cm
-1

 also increases with 

N content, whilst the band at 145 cm
-1

 reduces.  

The Raman spectrum of Sb layer (Fig. 3.5) shows two sharp peaks at 115 cm
-1

 and 150 cm
-1

 

corresponding respectively to Eg and A1g modes of crystalline Sb [189,276] along with second 

order scattering mode at about 270 cm
-1

 [189]. This indicates that the undoped as-deposited 

antimony layer is already crystalline. Indeed, fast spontaneous crystallization of Sb at room 

temperature is reported as well as Sb crystallization dependance on deposited layer thickness 

(the crystalline structure is observed for the layer thickness more than few nm) [189,192,277–

280]. N doping in Sb layers results in significant changes in Raman spectra. The spectra of 

N-doped Sb feature a broad band in the range between 100-200 cm
-1

 instead of the sharp 

peaks observed for crystalline Sb. This may indicate the amorphous nature of the structure of 

N-doped Sb layers. Indeed, a similar band has been observed in the Raman spectra of 

undoped amorphous Sb (a-Sb) [192]. Furthermore, a shift of this broad band towards higher 

wavenumbers can be observed with increasing N content (inset of Fig. 3.5b), resulting from 

the increasing intensity of the band contribution originating likely from Sb-N bonds 

vibrational mode (spectra deconvolution in Appendix 1). N doping also affects the Sb 

second-order scattering mode (at about 270 cm
-1

), causing its broadening. A new broad band 

with a maximum at 600 cm
-1

 can be observed (in particular for SbN 20 sccm), corresponding 

to the wavenumber of the main band in IR spectra. The small sharp peak at 520 cm
-1

 in the 

spectrum of SbN 20 sccm is assigned to the Si mode of the substrate.  

 

  
Fig. 3.5: IR (a) and Raman (b) spectra of undoped and N-doped Sb. IR spectra show the absorption band at 

600 cm
-1

, assigned to Sb-N vibrational modes. The inset illustrations represent the bonding arrangement 

between Sb and N atoms in the structure. Raman spectra highlight two sharp peaks of crystalline Sb, broadened 

into one band upon N doping. 
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Crystalline Sb has a rhombohedral structure with a three-fold coordination symmetry [281]. 

Sb and N elements belong to the same group of periodic table; hence they have the same 

valence electrons number and coordination. The same coordination of Sb and N likely 

facilitates the Sb atoms substitution by N atoms, leading to the formation of Sb-N bonds. This 

can also explain the high N incorporation into Sb layers, as shown in Fig. 3.1. The 

substitution of Sb by N atoms was also observed in N-doped GaSb alloys [282]. The Sb 

substitution by N atoms and the Sb-N bonds formation cause the Sb atoms displacement from 

their original lattice position as the N atoms have smaller atomic radius compared to Sb. This 

will lead to disorder increase in the layer, breaking the long-range order of the Sb crystalline 

structure. This is evidenced in Raman spectra, where the Sb crystalline peaks enlarge into one 

broad amorphous band.  

The formation of Sb-N bonds is evidenced by the broad absorption band in IR spectra. Similar 

IR band assigned to the vibrational mode of Sb-N bonds was also observed in [283]. An 

analogy with GeN can be used to identify the IR bands of SbN alloys. The IR spectra of both 

undoped elements feature no active vibrational modes, while N doping results in a strong IR 

absorption band in the range from 400 cm
-1

 to 800 cm
-1

, composed of two contributions 

(ν1 and ν2). The IR band of SbN is shifted towards lower wavenumbers with regard to the 

GeN one, since Sb atoms are heavier. Considering the same coordination of Sb and N atoms, 

the formation of Sb3N structural units might be suggested, similarly to Ge3N identified in 

GeN layers. The two identified contributions of the main IR band (ν1 and ν2) then likely 

represent the Sb-N vibration of Sb3N structural units and disorder-induced vibration of the 

same units impacted by the neighboring N atoms arranged in different configurations as the N 

content increases. The IR band ν3 at 300 cm
-1

, also, likely results from Sb-N vibration, as its 

intensity increases with N content. The IR band ν4, on the contrary, can be likely related to the 

Sb (A1g) vibrational mode observed in Raman spectra, which becomes IR-active due to 

increased disorder induced by N doping.  

3.3.3 Te and TeN layers 

Undoped tellurium is highly transparent in IR, hence no contribution should be expected until 

far IR. Indeed, the IR spectrum of Te (Fig. 3.6) features a sharp peak at 90 cm
-1

 corresponding 

to the A2/E1 vibrational modes in trigonal Te (c-Te) [196,284,285], indicating that the 

as-deposited Te layer is crystalline. Another broad and less intense band, however, is 

observed in the range 850 - 550 cm
-1

. This band is assigned to the Te-O vibrations [286,287], 

thus indicating that undoped Te layer is oxidized even when protected by an encapsulation 

layer. The oxidation of similar Te layers was observed by XPS studies [218]. The Raman 

spectrum of undoped Te (Fig. 3.6) shows two sharp peaks at 122 cm
-1

 and 142 cm
-1

, assigned 

to the A1 and E2 modes of trigonal Te, respectively [196,284,285,288,289], thus confirming 

the crystalline structure of the as-deposited Te layer. No contributions attributed to Te-O 

vibrations were found in the Raman spectrum.  

Introduction of nitrogen into Te results in the intensity reduction of the Te mode at 90 cm
-1

 in 

the IR spectra. This mode disappears completely in TeN 10 sccm and TeN 20 sccm. On the 

contrary, a broad band composed by several contributions is observed in the IR range between 

850 cm
-1

 and 250 cm
-1

 and increases in intensity with the incorporation of N. Moreover, weak 

broad bands in the range from 4000 cm
-1

 to 1000 cm
-1

 were observed in TeN 20 sccm, 

corresponding to O-H, N-H and N-O characteristic vibrations [290] (Appendix 3). This range, 

however, is not further considered in our analysis. Raman spectra of TeN layers show a 

progressive broadening of the peak at 142 cm
-1

, resulting from an arising additional 

contribution with maximum at about 150 cm
-1

. This peak has been previously attributed to 

amorphous Te (a-Te) [289]. No further bands are observed at higher wavenumbers.  
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Fig. 3.6: IR (a) and Raman (b) spectra of undoped and N-doped Te. IR spectra demonstrate Te-O contribution in 

undoped Te layer, broad band assigned to Te-N in N-doped Te and the reduction of sharp peak at 90 cm
-1

 upon 

N doping. The inset illustration represents the Te crystalline structure with Te chains. Raman spectra highlight 

two sharp peaks of crystalline Te (c-Te) and the appearance amorphous contribution (a-Te) upon N doping.   

The trigonal crystalline structure of Te is composed by helical chains of Te atoms at the 

corners of a hexagonal array, when seen from the c-axis of the crystal [194,195,197]. The 

bonding between the atoms in the chains is covalent adopting the angle near 90° in order to 

minimize the repulsion of the np lone pairs of the adjacent atoms. The second lone pair of a 

Te atom (in ns orbital) is reported to have no stereochemical effect [197]. The Te atoms 

between the adjacent chains are bonded by weaker secondary interactions formed by 

overlapping electronic orbitals between the Te np lone pair and antibonding orbitals in 

adjacent Te chains [197,285,291]. It is important to note, that these interactions are, however, 

stronger compared to those of selenium and sulfur, since the polarizability increases down in 

the column of the periodic table towards heavier elements [197]. This would also explain 

lower reactivity of Te and thus a reduced tendency to form different compounds with regard 

to its S and Se analogues. Te crystalline structure with intra-chain and inter-chain bonding can 

therefore likely impede the N incorporation, as it is evidenced by WDXRF measurements 

(Fig. 3.1).  

The results of IR and Raman spectroscopy show that N atoms, when incorporated, have major 

impact on weaker inter-chain bonds (i.e., reduction of A2 mode at 90 cm
-1

 in IR spectra), 

whilst stronger covalent intra-chain bonds are much less affected (A1 and E2 modes at 

122 cm
-1

 and 142 cm
-1

, respectively, in Raman spectra are maintained). These observations 

indicate that N atoms likely occupy the interstitial space between the covalent chains of the Te 

structure. Indeed, owing to the helical form of Te chains, the crystalline unit can be seen as 

cage constituted of eight Te atoms from four adjacent Te chains. Similar cage structure was 

already described in molybden chalcogenides Mo6E8 (E = S, Se, Te), known as Chevrel 

phases, incorporating the atoms of an element M (usually a metal) into its cavities [292]. In 

the case of Te structure, such cage could incorporate N atoms placed between two planes of 

Te atoms as N atoms prefer to adopt the tetrahedral geometry. 

The incorporated N atoms can likely form three Te-N bonds to the three closest Te atoms, 

while maintaining its lone pair. The formation of Te-N bonds requires using the electrons 

from np lone pair of the affected Te atoms, which would lead to breaking the inter-chain 

interactions, as observed in IR spectra. The incorporation of two N atoms in one Te crystalline 

unit cell is highly preferable as the np lone pair of the affected Te atoms provides two 

electrons. These electrons need to be bonded in order to maintain the neutrality of the 

structure, i.e., one affected Te atom would form two Te-N bonds. In such configuration, 
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the N atom would be likely incorporated only in one of a-axis directions of the crystalline 

structure (Fig. 3.7), which also correlates with low N content quantified in Te compounds. 

The formation of Te-N bonds gives rise to broad band in IR spectra, resulting from induced 

dipole moment owing to partial charge transfer as nitrogen is more electronegative than 

tellurium. In particular, three band contributions can be distinguished (see Appendix 3) likely 

corresponding to three Te-N bonds between N and different Te chains. The formation of Te-N 

bonds was also observed in similar TeN layers by XPS [218].  

Besides the formation of Te-N bonds in the structure, changes in the distances between the Te 

chains can be expected as the atomic radius of N atoms is much smaller with regard to that 

one of Te. Moreover, as a reaction to the presence of N atoms in the structure, the np lone pair 

from Te atoms, which are not bonded to N, could adopt different direction in space with 

regard to their original position, thus guiding the spatial arrangement of the Te structure. 

These effects would lead to disorder increase in the structure, having an impact on vibrational 

modes of Te-Te in the chains, represented by slight broadening of the c-Te peaks and the 

appearance of the a-Te band in Raman spectra.  

 

  
Fig. 3.7: Schematic representation of a) crystalline Te structure highlighting weaker inter-chain bonds (dashed 

lines) and b) N-doped Te structure with broken inter-chain bonds, highlighting the Te-N bonding and 

N-incorporation in the interstitial positions, in the direction of only one of the a-axis of the Te structure.  

3.4 Investigation of the local structure by XAS measurements 
The local atomic structure of the presented layers has been studied by EXAFS and XANES 

techniques. The Ge-K EXAFS measurements, Sb-L3 and Te-L3 XANES measurements were 

performed in fluorescence mode for the undoped and N-doped Ge, Sb and Te samples, 

respectively. 

The Fourier transform of EXAFS signal for the undoped Ge layer (Fig. 3.8) features only one 

contribution corresponding to Ge-Ge distance [240,293]. A second additional contribution is 

observed in the GeN layers at shorter distance, corresponding to Ge-N pair [240,293]. The 

relative importance of these contributions varying upon N content in the Ge layer can be 

observed. The intensity of the Ge-Ge contribution reduces, while the intensity of the Ge-N 

contribution increases. In GeN 40 sccm layer, only the Ge-N contribution is present, while the 

Ge-Ge contribution completely disappeared, suggesting that the bonding arrangement in this 

layer is determined mostly by Ge-N interactions. This corresponds with the presence of strong 

Ge-N vibrational modes observed in IR and Raman spectra and would explain the extensive 

broadening (and gradual disappearance) of a-Ge modes in Raman spectra of GeN alloys 

(Fig. 3.3). 

XANES measurements were performed on undoped and N-doped Sb and Te compounds 

(Fig. 3.9) deposited with the lowest N2 flow of 2 sccm for both types of alloys. The spectra of 

both undoped Sb and Te layers feature oscillatory absorption structures in the near edge 

region, while no pre-edge transitions are observed. Upon N doping, SbN layer features no 

shift of the edge position, but shows the diminution of absorption features indicating 
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significant changes in the local atomic environment of the Sb atoms. Similar disappearance of 

absorption features was reported in [294], where the Sb structure was studied as a function of 

temperature and where this diminution of the absorption structures is related to increased 

disorder in the Sb structure. This result is thus consistent with the IR and Raman spectra 

(section 3.3.2) referring to an amorphous-like disordered Sb structure upon N doping. 

Contrary to SbN, N doping in Te layers does not cause any changes in the absorption edge 

and near-edge absorption structures (for the used low N2 flow), which further supports the 

results presented in section 3.3.3. 

Though these results well correspond with the findings from the IR and Raman spectroscopy, 

further investigation of the local structure of N-doped elemental layers with higher N content 

would be a great asset. Besides the L3 edge for Sb and Te alloys, the K edge with higher 

core-electron binding energy could be probed, contributing with additional information. 

Moreover, the analyses of XANES spectra using reverse Monte Carlo simulations can be 

suggested, supporting the experimental results with models of possible atomic configurations 

(not explored in the frame of this work).  

 

 
Fig. 3.8: Fourier transform of EXAFS signal of undoped and N-doped Ge, demonstrating the Ge-Ge and Ge-N 

contribution. Ge-N contribution becomes dominant, while Ge-Ge contribution disappears with increasing 

N content.  

  
Fig. 3.9: Xanes spectra of a) Sb and SbN layers and b) Te and TeN layers. SbN layer shows the reduction of 

absorption features compared to the spectrum of Sb, while TeN spectra do not show any significant changes.  
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3.5 Simulations of the ideal nitride structures 
The results of spectroscopic analyses presented in the section 3.3 are further supported by 

“ab initio” simulations of IR and Raman spectra. The “ab initio” simulations generally yield 

qualitatively IR and Raman spectra well comparable to experiments. The simulations of 

amorphous structures featuring high degree of disorder are time-consuming, requiring large 

unit cell of a system to be simulated. However, the simulations performed on related 

crystalline materials, whose structure is known, can already provide precious insight into the 

materials structure. Indeed, IR and Raman spectra simulations of ideal crystalline structures of 

GeN, SbN and TeN compounds allow to identify IR- and Raman-active modes assigned to 

N bonding with Ge, Sb or Te. These simulated spectra can further determine the possible 

N bonding contributions in the studied as-deposited N-doped Ge, Sb and Te compounds.  

The simulations were performed using Vienna Ab initio Simulation Package (VASP) code 

[295,296] and Phonopy-Spectroscopy package [297]. The ideal crystal structures of Ge, Sb 

Te, as well as those of GeN, SbN, and TeN nitrides were obtained from Materials Project 

[298,299]. Structural relaxation was performed using Density Functional Theory (DFT) with 

Monkhorst-Pack (MP) mesh. Phonon modes were obtained using density functional 

perturbation theory. The Projector Augmented Wave (PAW) method with Perdew-Burke-

Ernzerhof (PBE) functional [300] and 400 eV cut-off energy were used for the calculations. 

For the qualitative comparison of simulated and experimental data, the obtained spectra were 

normalized with respect to the most intense peak of the spectra.  

First, simulated IR and Raman spectra of undoped Ge, Sb and Te structures are compared 

with the experimental results (Fig. 3.10), showing good agreement for IR spectra. 

Experimental IR spectra of Ge and Sb do not feature any active vibrational modes in the 

studied range, confirmed by the simulated spectra. The simulated IR spectrum of Te confirms 

the presence of Te vibrational mode at 90 cm
-1

 (A2/E1 modes of c-Te), while no contribution 

is observed at higher wavenumbers. The broad band observed in experimental spectra was 

assigned to the vibration Te-O modes, as discussed in the section 3.3.3. The simulated Raman 

spectra of undoped Ge, Sb and Te structures correspond with the experimental data 

concerning the number of peaks present in the spectra, which allows to assign the nature of 

these vibrations. The peak positions are, however, shifted to lower wavenumbers likely due to 

the choice of functional and exclusion of finite-temperature effects during the performed 

simulations. The difference in peaks intensity ratio observed between the experimental and 

the simulated Raman spectra of Sb and Te can be related to the fact that simulated spectra 

refer to the unit cell of ideal crystalline structures, while the samples are polycrystalline.  
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Fig. 3.10: Experimental (Exp) and simulated (Sim) IR spectra (upper panel) and Raman spectra (lower panel) of 

undoped Ge, Sb and Te compounds. The position in Raman peaks at lower wavenumbers in simulated spectra 

compared to experimental spectra is likely due to the choice of parameters during the simulations. 

Second, IR and Raman spectra simulations were performed for different GeN, SbN and TeN 

ideal nitride structures. Particularly, hexagonal Ge3N4, for example, is the most referred 

germanium nitride structure; however, orthorhombic Ge3N4 and Ge3N2 structures were also 

reported [188,301,302]. Simulations of different nitride structures allow searching for the 

most coherent vibrational modes analysis with regard to the obtained experimental data and 

can reveal spectral similarities and differences, contributing to better identification of the N 

bonding contributions. The simulated IR and Raman spectra for different GeN, SbN and TeN 

structures compared in this work are shown in Appendix 4. A good agreement between the 

simulated and experimental spectra was found for the following structures (Fig. 3.11):  

- hexagonal Ge3N4 in case of GeN alloys; 

- orthorhombic SbN in case of SbN alloys; 

- monoclinic TeN2 in case of TeN alloys.  

The simulated IR spectrum of hexagonal Ge3N4 shows two main contributions in the region 

from 700 cm
-1

 to 800 cm
-1

 and additional contributions at about 300 cm
-1

, both regions 

corresponding well to the broad band assigned to Ge3N vibrational modes observed in the 

experimental GeN spectrum. The simulated Raman spectrum demonstrates strong Ge-N mode 

contributions at about 700 cm
-1

, consistent with the broad band appearing at this location in 

the experimental GeN spectra. Moreover, several contributions can also be found at about 

300 cm
-1

. The contributions at 300 cm
-1

 could likely contribute to the broadening of the a-Ge 

bands due to increasing N content in the GeN alloys, observed in the experimental GeN 

spectra in the section 3.3.1 (Fig. 3.3).  

The simulated IR spectrum of orthorhombic SbN structure shows two contributions in the 

main band at about 600 cm
-1

 and several contributions in the region around 300 cm
-1

, 

corresponding to the broad bands observed in the experimental spectrum. Moreover, the 

contributions in both spectral regions correspond also in terms of intensity ratio. These results 

confirm that both vibrational regions in the experimental spectra can be therefore attributed to 
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Sb-N vibration. The simulated Raman spectrum shows a strong band at low wavenumbers at 

about 150 cm
-1

 and weaker bands at about 600 cm
-1

. The presence of the low wavenumber 

band indicates a possible Sb-N contribution to the broad band assigned to a-Sb modes in the 

experimental spectrum (section 3.3.2), which can be likely responsible for the band shift with 

increasing N content (Fig. 3.5). Weaker Sb-N mode contributions at 600 cm
-1 

present in the 

simulated spectrum were not observed in our experimental spectra with lower N content. 

However, a corresponding low intense broad band was found for the SbN layer with the 

highest N content, i.e., SbN 20 sccm (Fig. 3.5).  

The simulated IR spectrum of monoclinic TeN2 shows a good match between the simulated 

and experimental results, presenting three main contributions in the band at 250 - 850 cm
-1

. 

On the contrary, the Raman spectrum of as-deposited TeN layer does not match with the 

simulated Raman spectra of TeN2 structure. The vibrational modes of Te-N bonds in the 

simulated TeN2 structure (at about 230 cm
-1

, 560 cm
-1

 and 630 cm
-1

) are not observed, likely 

due to very weak intensity of Te-N vibrations with regard to the Te-Te vibrational modes in 

our experimental spectra. Indeed, the IR intensity of the broad Te-N band 

(250 cm
-1

 - 850 cm
-1

) in the TeN spectra reaches the maximum absorbance value of less 

than 0.03 for the highest doping level used (Fig. 3.6), which is more than twice lower than in 

SbN and GeN layers for the same doping level. Moreover, the overall incorporated N content 

is much lower than in the case of SbN or GeN as shown in Fig. 3.1. 

 

 
Fig. 3.11: Experimental (Exp) and simulated (Sim) IR and Raman spectra of GeN, SbN and TeN compounds. 

Experimental data are taken for N-doped alloys deposited with the N2 flow of 10 sccm. The simulated spectra 

result from crystalline hexagonal Ge3N4, orthorhombic SbN and monoclinic TeN2 structures.  

3.6 Identification of nitrogen bonding in N-doped GeSbTe alloy 
Based on the results presented in the previous sections, further investigation of N-doped more 

complex chalcogenide alloys can be performed. The alloys of two different material families 

of ternary GeSbTe system were chosen, namely Ge-rich and Sb-rich GeSbTe, as these alloys 

have been highly considered for effective PCRAM device integration [148,303]. N-doped 

Ge-rich and Sb-rich GeSbTe layers (GGSTN and SGSTN, respectively) were deposited by 

co-sputtering of Ge2Sb2Te5 and Ge or Sb targets, using the N2 flow of 2 sccm. Based on the 
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above-described results on N-doped Ge, Sb and Te layers, IR spectra are compared, as FTIR 

spectroscopy demonstrated to be the most suitable among the used techniques for the analysis 

of N bonding in such alloys.  

The direct comparison of the IR spectra of the N-doped compounds (Fig. 3.12) highlights the 

significant position and intensity differences of the bands assigned to the Ge-N, Sb-N and 

Te-N bonds of the related N-doped single-element layers. For the GGSTN, the best match is 

found with GeN alloy, in terms of position and shape of the observed features, thus 

confirming the strong preference of the Ge-N bonds formation in GGSTN alloys. The IR 

spectrum of SGSTN features two contributions correlated with GeN and SbN, hence 

indicating the formation of both Ge-N and Sb-N bonds in the system. Despite the high Sb 

content in SGSTN, the intensity ratio between the contributions highlights the preferential 

formation of Ge-N bonds over Sb-N bonds in the system.  

 

 
Fig. 3.12: The comparison of IR spectra of N-doped Ge, Sb, Te and Ge-rich and Sb-rich GST alloys (N2 flow of 

2 sccm was considered for all the compared layers in our experiment). Dashed lines indicate the position of 

Ge-N bonds contribution in GGSTN and Ge-N and Sb-N bonds contributions in SGSTN.  

3.7 Structural evolution of the single-element layers 
Further studies were performed on both undoped and N-doped Ge, Sb and Te layers in order 

to investigate the structural stability or evolution a) in time; b) as a function of temperature.  

3.7.1 Structural evolution as a function of time 

The IR and Raman spectra of undoped and N-doped layers discussed above were acquired 

just after the deposition process. The layers were further kept in the cleanroom environment 

and remeasured after 18 months of ageing. It is important to note that the layers were 

protected by an in-situ deposited carbon capping layer (~3.5 nm).  

Both IR and Raman spectra show no changes of the present absorption features in the case of 

undoped layers (spectra not shown). Concerning the N-doped layers, all the prepared layers 

were remeasured after ageing. Only IR spectra for the layers with the highest N content 

(N2 flow of 20 sccm) are presented here, as the structural changes induced by doping would 

be likely more visible at higher dopant contents. Indeed, no changes in absorption features are 

observed for lower N doping content. The IR spectra of N-doped Ge and Sb do not 

demonstrate any changes in the position or shape of the absorption bands (i.e., Ge-N and 

Sb-N band, respectively) even for the highest used N content (Fig. 3.13). This indicates the 

high stability of as-deposited undoped layers and N-doped Ge and Sb layers in time. 
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TeN layers with low N doping, also, do not demonstrate any significant changes. On the 

contrary, the IR spectrum of TeN 20 sccm layer features great changes in the broad absorption 

band in the range from 800 cm
-1

 to 400 cm
-1

, indicating the reduction of contributions 

assigned to Te-N bonds and the increase of contributions related to Te-O bonds. This can be 

clearly seen from the comparison with the undoped as-deposited Te layer spectrum (inset in 

TeN spectrum in Fig. 3.13), where the Te-O absorption band was identified. Moreover, 

several contributions assigned to N-O and N-H absorption bands are observed at higher 

wavenumbers (3500 - 2500 cm
-1

 and 1800 – 1300 cm
-1

) in the IR spectrum of the aged TeN 

layer. These results confirm the instability of Te-N bonding, as expected from its high value 

of the formation enthalpy (reported in the section 3.1), likely followed by layer oxidation 

despite of the deposited protective carbon capping layer. Indeed, the Te-N bond breaking 

leaves both Te and N atoms unbonded. The atmospheric oxygen can be then easily 

incorporated as the Te structure remains disordered due to N in interstitial positions, leading 

to the formation of stable bonds with both involved elements, i. e., Te-O and N-O.  

 

  

 
Fig. 3.13: Comparison of as-deposited and aged IR spectra for GeN, SbN and TeN layers with the N2 flow of 

20 sccm. The IR spectra of GeN and SbN layers do not show any changes after 18 months of ageing. Aged TeN 

spectrum shows new broad absorption bands at 3500 - 2500 cm
-1

 and 1800 – 1300 cm
-1

corresponding to N-H 

and N-O vibrational modes, indicating the layer degradation. The inset in TeN graph shows the comparison 

between aged TeN 20 sccm layer and as-deposited Te layer highlighting the similarities in the shape of Te-O 

absorption bands.  
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3.7.2 Structural evolution as a function of temperature 

Both undoped and N-doped layers (N2 flow of 2 sccm) were studied after employing the 

thermal budget of 400 °C for all three systems (i.e., thermal budget of BEOL integration of 

PCRAM device, section 1.2.3). The comparison between as-deposited layers and annealed 

layers is presented in Fig. 3.14. 

Undoped Ge layers show no changes in both IR and Raman spectra indicating no impact of 

the performed annealing at 400 °C. These results are in good agreement with literature, as the 

temperature of crystallization of Ge is reported to be 480 – 500 °C [304–307]. The undoped 

as-deposited Sb layer demonstrated to be crystalline, as evidenced by two sharp peaks in the 

Raman spectrum and discussed in section 3.3.2. These peaks do not show significant changes 

upon layer annealing, thus confirming that both as-deposited and annealed Sb layers are 

crystalline. On the contrary, the IR spectrum of annealed Sb layer shows a sharp peak at 

720 cm
-1

, which can be assigned to Sb-O vibrational modes [308,309], thus suggesting the 

layer oxidation at this annealing temperature. Both IR and Raman spectra of Te layers show 

significant changes upon annealing. The IR spectrum of annealed Te features a large band of 

several overlapping contributions in the range from 800 cm
-1

 to 400 cm
-1

, assigned to Te-O 

vibrational modes. The two sharp peaks of crystalline Te present in the Raman spectrum are 

completely reduced, while intense contributions of the Si modes from substrate can be seen 

(521 cm
-1

 and 950 cm
-1

) along with several peaks over the whole range from 100 cm
-1

 to 

1000 cm
-1

, assigned also to Te-O vibrational modes. This suggests the complete oxidation of 

undoped Te layer upon annealing at 400 °C. Indeed, this temperature is already relatively 

close to the Te melting point (Tm ~450 °C) [310,311]. 

The IR and Raman spectra of annealed (400 °C) N-doped Ge, Sb and Te layers highlight 

significant changes for SbN and TeN layers, while only slight changes can be observed in 

case of GeN layer. Indeed, only a slight shift in position of Ge-N peak maximum (<10 cm
-1

) 

in IR spectra and a reduction of the shoulder in a-Ge modes in Raman spectra are observed. 

These changes are likely due to minor structural relaxation upon annealing, thus suggesting 

the high stability of formed Ge-N bonding in N-doped Ge layers. On the contrary, the 

annealing at 400 °C of N-doped Sb layer likely affects the Sb-N bonding causing their 

breaking, as the Sb-N band (590 cm
-1

) in IR spectra is completely reduced. Upon this 

annealing temperature, the N atoms are likely released from the structure in the form of 

molecular N2, while Sb layer crystallizes, as evidenced by two sharp Sb peaks in the Raman 

spectrum. Moreover, Sb oxidation is evidenced by a sharp Sb-O peak (720 cm
-1

) in the IR 

spectrum, similar to that observed in the annealed undoped Sb layer. Annealing of N-doped 

Te layers at 400 °C shows layer degradation, comparable to previously observed in undoped 

Te, i.e., complete disappearance of Te crystalline structure (including the breaking of Te-N 

bonds) and layer oxidation.  
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Fig. 3.14: IR and Raman spectra of (left column) as-deposited and annealed (400 °C) undoped layers and (right 

column) N-doped (N2 flow 2 sccm) layers, highlighting high stability of GeN alloys, crystallization and partial 

oxidation of SbN and oxidation of Te and TeN layers upon annealing at 400 °C.  

Observing the stability of GeN alloys at the annealing temperature of 400 °C, the undoped 

and N-doped layers were further annealed at higher temperatures. GeN layers with the lowest 

and the highest N content (2 sccm and 40 sccm) are presented (Fig. 3.15). The undoped Ge 

layer is observed to crystallize at temperatures higher than 500 °C, as evidenced by a sharp 

peak of crystalline Ge (c-Ge) at 300 cm
-1

 in the Raman spectrum. This temperature is slightly 

higher than that reported in literature (480 – 500 °C) [304–307]. On the contrary, higher 

annealing temperatures do not significantly affect the N-doped layers. The slight shift of the 

Ge-N band in IR spectra and changes in Raman spectra already observed at 400 °C are 

maintained up to 550 °C without no further evolution in case of both GeN layers. Indeed, the 

formation of Ge-N bonds, which are stronger with regard to Ge-Ge bonds (EGe–N ~ 2.65 eV 

and EGe–Ge ~ 1.94 eV [188]), results in reinforcing the GeN structure and thus in enhanced 

stability of the GeN system. This stability-enhancing effect of N doping on the structure of a 

Ge layer is effective already for low N doping contents, as shown in our GeN 2 sccm layer. 
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Fig. 3.15: IR and Raman spectra of Ge, GeN 2 sccm and GeN 40 sccm layers annealed at 450 °C, 500 °C and 

550 °C demonstrating the crystallization of Ge layer between 500 °C and 550 °C, and the stability of N-doped 

layers up to higher temperatures.  
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3.8 Chapter summary 
In this chapter, we presented the structural investigation of undoped and N-doped 

as-deposited Ge, Sb and Te layers performed in order to understand the layer structure and the 

effect of N doping. The structural studies of the layers were based on results obtained by IR 

and Raman spectroscopy, which were further supported by EXAFS and XANES analyses and 

“ab initio” simulations.  

The incorporation of N into Ge leads to the formation of Ge-N bonds, which further dominate 

the layer structure owing to their higher stability over Ge-Ge bonds. Indeed, EXAFS results 

confirm lower contribution of Ge-Ge bonds in the local structure as the N content in the layer 

increases. N doping in Sb layers leads also to relatively high N incorporation into Sb structure 

and to the formation of Sb-N bonds. N atoms likely substitute Sb atoms in its crystalline 

structure, owing to same valence electrons number and atom coordination. Smaller atomic 

radius causes the shift of the atoms from their ideal position, resulting in an 

amorphous/disordered character of SbN layers. In case of Te layers, N atoms show to be less 

prone to incorporate into Te structure, occupying likely the interstitial positions between the 

Te chains of the crystalline lattice. The N atoms in interstitial positions likely break the 

weaker secondary bonding between the Te chains of the lattice unit, forming weak Te-N 

bonds and slightly changing the chain orientation owing to stereochemical effects of Te and N 

lone pairs. This results in disorder increase in the layer structure, demonstrated as an 

amorphous Te contribution in the Raman spectrum, while Te chains are still maintained.  

The absorption bands in IR and Raman spectra related to the formation of Ge-N, Sb-N and 

Te-N bonds and their vibrational modes were identified owing to the comparison of the 

experimental spectra with simulated spectra of ideal crystalline structures of related nitrides. 

Several nitride structures were used for the spectra simulations for each system, searching for 

the best match in absorption features.  

The investigation of as-deposited layers was further followed by the studies of stability and 

structural evolution of the layers as function of time and temperature. The as-deposited layers 

were studied after 18 months of ageing in cleanroom conditions. No structural changes were 

observed for all the undoped layers as well as for the N-doped Ge and Sb layers, thus 

demonstrating to be stable in such time period. On the contrary, TeN spectra show the 

reduction of bands related to Te-N bonds, while the Te-O bands simultaneously appeared. 

This indicates the low stability of formed Te-N bonds in the structure and significant layer 

oxidation likely due to disordered Te structure which enables easier O incorporation. 

Furthermore, the stability of the layers as a function of temperature was investigated, starting 

from annealing at 400 °C. GeN layers show high stability at this temperature while SbN and 

TeN layers demonstrate N bonds breaking and layer oxidation. This effect is particularly 

enhanced in TeN layers at this annealing temperature. GeN layers were further investigated at 

higher annealing temperatures, showing high stability and no crystallization up to 550 °C.  

These results increase the understanding of the structure of undoped Ge, Sb and Te elemental 

compounds and the effect of N doping and formation of N bonding in such systems. This 

insight provides useful information, in particular on element-N bonding, and can be applied 

for the investigation of more complex systems, in particular N-doped GeSbTe alloys, as it is 

presented in the next chapter.  
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4 Chapter 4 

 

Ge-Sb-Te alloys 

Material engineering of GST alloys results in significant improvements of their thermal 

stability, necessary to ensure the data retention of PCRAM device over extended temperature 

range. In particular, Ge enrichment and N doping of stoichiometric Ge2Sb2Te5 alloy showed 

to be suitable solutions, as presented in the chapter 1. Indeed, owing to Ge enrichment in GST 

alloys, PCRAM device demonstrated high thermal stability, fulfilling the strict requirements 

of embedded automotive applications. Moreover, N doping in such alloys could potentially 

even more stabilize the amorphous phase, resulting from formation of Ge-N bonds in the alloy 

structure. Another benefit of N doping would result from GeN precipitation at grain 

boundaries upon alloy crystallization, reducing the grain size of crystalline phases, thus 

improving the cyclability and reducing the programming current of PCRAM device.  

Despite the proven benefits of Ge enrichment and N doping of these alloys on PCRAM device 

performances, the effect of Ge and N incorporation and their content on the alloy structure 

remains unclear, as well as structural evolution of such alloys as a function of annealing 

temperature. In this chapter, we present the structural investigation of undoped and N-doped 

Ge-rich GST alloys, using the combination of Raman and FTIR spectroscopy with XRD 

analyses, accompanied by other characterization techniques, such as TEM-EDX and 

ellipsometry. In the first part, we compare the structure of the reference Ge2Sb2Te5 and one 

Ge-rich GST composition, identifying the main structural units of the alloy. We highlight the 

structural evolutions as a function of temperature, outlining the crystallization mechanism of 

such alloys. Further, we study the effect of Ge enrichment, and we demonstrate the 

contribution of different phenomena occurring during the crystallization mechanism. In the 

second part, N doping in Ge-rich GST alloys are studied. We show the impact of nitrogen on 

the structural evolution and crystallization mechanisms described for undoped alloys and we 

demonstrate the effect of different N content.  
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4.1 Ge-rich GST: Structural Evolution 
Investigation of the structure of Ge-rich GST alloy and its evolution as a function of 

temperature is presented in this part. Ge-rich GST with Ge content of 45 at.% (GGST) was 

chosen for this structural investigation, owing to its promising properties, such as high 

crystallization temperature and thus high data retention of amorphous phase, presented in the 

chapter 1. The structural investigation of GGST is compared to Ge2Sb2Te5 (GST225) alloy, 

considered as a reference compound. The alloys are studied by Raman spectroscopy and 

XRD, accompanied by R vs T measurements and TEM-EDX analysis.  

R vs T measurements performed on GST225 and GGST (Fig. 4.1) highlight the main 

resistivity drops of the layers with increasing temperature, as the as-deposited layers undergo 

amorphous-to-crystalline phase transition. Two transitions at 160 °C and 330 °C can be 

observed for GST225 layer, related to the cubic (fcc) and hexagonal (hex) phase transitions, 

respectively. The amorphous-to-crystalline transition of GGST layer is significantly shifted to 

higher temperatures, featuring a double step transition with the first drop at 300 °C and the 

second one slightly below 350 °C. This highlights the enhanced stability of amorphous phase 

of Ge-enriched alloys, as observed in [24,143] and discussed in the section 1.3.3. While both 

layers demonstrate the same resistivity values for amorphous phase, GGST features higher 

resistivity in crystalline phase with respect to GST225.  

 

 
Fig. 4.1: Resistivity as a function of temperature for Ge2Sb2Te5 (GST225) and Ge45GST (GGST) alloys. GST225 

features two resistivity drops at 160 °C and 340 °C corresponding to amorphous-to-fcc and fcc-to-hex phase 

transitions, respectively. GGST shows one double step amorphous-to-fcc transition at 300 - 350 °C, shifted to 

higher temperatures compared to GST225. 

4.1.1 Ge2Sb2Te5 

Raman spectrum of amorphous as-deposited (AD) GST225 is dominated by a broad band 

covering the frequency region between 100 cm
-1

 and 190 cm
-1

, formed by overlapping 

contributions at 124 cm
-1

 and 154 cm
-1

 (Fig. 4.2). The broad band is further accompanied by 

low intense band at ~220 cm
-1

. The main contribution at 154 cm
-1

 can result from the 

vibrational modes assigned to different structural units, as described in the section 2.2.3. The 

stretching vibrational modes of Sb-Te in SbTe3 pyramidal units [212,312] appears to be the 

most accurate assignment of this contribution. 

The contributions at 124 cm
-1

 and 220 cm
-1

 can be assigned to the different vibrational modes 

of Ge-Te bonds present in tetrahedral and defective octahedral structures as observed in 

amorphous GeTe [96,123,221]. In general, the vibrational modes of defective octahedra are 
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mostly described to be observed below 190 cm
-1

, whilst weaker features at high wavenumbers 

above 190 cm
-1

 can be assigned to vibrations of Ge in tetrahedral sites [221]. Taking into 

account the analysis performed on GeTe [179], the peak at ~ 124 cm
-1

 is assigned to the A1 

vibration mode of corner-sharing tetrahedra GeTe4-nGen (n = 1, 2) and the peak at ~220 cm
-1

 

is assigned to the vibrational mode of GeTe4 tetrahedral units [179,212].  

Significant changes in Raman spectra can be observed for GST225 upon annealing. The broad 

band still demonstrates its maximum at 154 cm
-1

 (Sb-Te modes) also for layer annealed at 

250 °C, thus demonstrating the dominance of these structural units even for the cubic 

crystalline phase (GST225-fcc) of the alloy [136,221,312] (this annealing temperature is well 

above the first transition as observed in RvsT curve, Fig. 4.1). A new band contribution 

appears at 174 cm
-1

, while the intensity of the contributions in the range of 100 - 140 cm
-1

 

(Ge-Te modes) slightly decreases. Raman spectra of GST225 annealed at higher temperatures 

demonstrate further intensity increase of the peak at 174 cm
-1

 at the expense of the peak at 

154 cm
-1

. The latter one gradually disappears, while the former one becomes dominant in the 

spectra. This new dominant peak at 174 cm
-1

 is also assigned to the Sb-Te vibrational modes, 

however, in structural arrangement characteristic for GST225 hexagonal crystalline phase 

(GST225-hex). Indeed, the alloy passed the second transition, which is observed by R vs T 

measurements (Fig. 4.1). The Raman spectra annealed at 350 °C and higher temperatures 

do not significantly change as the hexagonal crystalline phase is already well formed. The 

observed progressive development between the contributions assigned to different Sb-Te 

vibrational modes with increasing annealing temperature is the evidence of the ongoing 

structural rearrangement in GST225 from fcc to hex crystalline phase [313]. The Raman 

spectra decomposition for both as-deposited and annealed (400 °C) GST225 are presented in 

Appendix 5. 

 
Fig. 4.2: Raman spectra of amorphous as-deposited (AD) and annealed GST225 (from 250 °C up to 400 °C). 

Vertical lines at 154 cm
-1

 and 174 cm
-1

 highlight main vibrational modes of SbTe structural units. 
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Fig. 4.3: Raman spectra of amorphous as-deposited (AD) and annealed GGST. Vertical lines show the position 

of the Sb-Te vibrational modes (154 cm
-1

) and crystalline Ge modes (297 cm
-1

) [313]. 

4.1.2 Ge-rich GST 

The Raman spectrum of as-deposited GGST (Fig. 4.3) can be divided into three main 

parts [313]: 

- main contribution at 154 cm
-1

 assigned to the Sb-Te stretching mode of SbTe3 

pyramidal units, already evidenced in GST225; 

- contributions at low wavenumbers (below ~150 cm
-1

) corresponding to vibrational 

modes of GeTe structural units; 

- broad band at higher wavenumbers in the range of 190 – 300 cm
-1

 formed by two 

overlapping contributions at ~272 cm
-1

 and ~230 cm
-1

. These contributions correspond 

respectively to the TO-like and LO-like vibrational modes of amorphous Ge (a-Ge) 

[187,188,314,315].  

The contribution at 154 cm
-1

 (SbTe units) does not significantly change either in position nor 

FWHM up to the annealing temperature of 400 °C, contrary to what was observed in 

GST225. The low wavenumber part of the spectra (GeTe units) evidences an evolution up to 

335 °C, after which the band shape corresponds to that of amorphous as-deposited and 

crystalline GST225-fcc (Fig. 4.2). These findings already suggest the stability of SbTe 

structural units and the absence of the cubic-to-hexagonal transition even at high temperature 

[316]. In the a-Ge part of the spectra, gradual development of TO-like and LO-like modes is 

observed with increasing annealing temperature. New sharp peak at 297 cm
-1

, assigned to Ge 

crystalline phase (c-Ge), appears in the spectrum at 335 °C, suggesting the Ge crystallization. 

Such temperature is particularly low for Ge crystallization when compared with that of an 

elemental a-Ge layer (crystallization at 500 – 550 °C; Chapter 3, Fig. 3.15). 

Further analysis of the Raman bands was performed in order to follow the evolution trends of 

the different structural units of GGST alloy as a function of temperature. The sum of the 

peaks integrated intensities was computed, considering: peaks at 110 cm
-1

 and 124 cm
-1

 for 

Ge-Te vibrational modes; peaks at 220 cm
-1

 and 270 cm
-1

 for a-Ge vibrational modes and 

peak at 297 cm
-1

 for c-Ge. The sum of peak integrated intensity for each type of structural 

units was normalized relative to the integrated intensity of Sb-Te modes (main peak at 
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154 cm
-1

), which remains stable for the layers at the studied temperatures. The results are 

presented as a function of annealing temperature (Fig. 4.4) and highlight the following 

evolutions: 

- The intensity of Ge-Te modes present in the amorphous as-deposited layer initially 

decrease with the annealing temperature, reaching the minimum value at 300 °C. At the 

same time, the intensity of a-Ge modes slightly increase, reaching the maximum value 

at 250 °C; 

- The intensity of Ge-Te modes involved in the ordering process of the layer begin to 

increase after 300 °C, reaching an almost stable intensity after 375 °C; 

- Simultaneously with the intensity increase of Ge-Te modes, the a-Ge modes gradually 

disappear, turning into the sharp peak of crystalline Ge. The c-Ge peak first appears at 

335 °C and increases in intensity up to maximum annealing temperature. 

 
Fig. 4.4: Intensity evolution of Ge-Te, a-Ge and c-Ge modes from the Raman spectra of GGST as a function of 

annealing temperature. The integrated intensities were computed and normalized relative to the integrated 

intensity of stable contribution assigned to Sb-Te modes [313]. Dashed lines indicate the maximum intensity for 

a-Ge modes (at 250 °C), minimum intensity for Ge-Te modes (300 °C) and the appearance of c-Ge modes 

(335 °C).  

The Raman spectra analyses demonstrate that initial temperature increase up to 300 °C results 

in a first reorganization step, characterized by the decrease of Ge-Te modes and simultaneous 

enhancement of a-Ge modes. Indeed, the breaking of unfavorable bonding in mixed GeSbTe 

units (e.g., GeSbTe3, Ge2SbTe2 or GeSb2Te2 [134,135]) and the rearrangement of GeTe4-nGen 

(n = 0, 1, 2, 3, 4) tetrahedral units likely occur in originally amorphous disordered system, 

both resulting in reduction of the Ge-Te modes. As a consequence, the Ge atoms in mixed 

units are liberated, slightly increasing the intensity of a-Ge modes. This is in agreement with 

previous investigations on amorphous GeTe alloys [179], based on the random bonding model 

[317], in which the combination of the different tetrahedra complex units depends also on the 

layer stoichiometry. 

The structural evolution becomes more significant at higher annealing temperatures. The 

relative intensity of Ge-Te modes reaches the minimum value at the temperature of 300 °C, 

which is likely related to the end of the first reorganization step and liberation of Ge atoms. 

Progressive increase of Ge-Te modes relative intensity at higher temperatures indicates the 

gradual rearrangement of Ge-Te bonds around Sb-Te structural units upon GeSbTe phase 
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crystallization. The crystalline GeSbTe phase then further nucleates and grows. 

Disappearance of a-Ge modes at temperatures above 300 °C is associated with the progressive 

reorganization of Ge structure, i.e., ordering of Ge atoms in amorphous phase (a-Ge) leading 

towards the nucleation and growth of the Ge cubic crystalline phase.  

XRD analysis was performed to further investigate the development of the crystalline phases 

in GGST (Fig. 4.5). The as-deposited layer and the layers annealed up to 300 °C do not shown 

any diffraction peaks, thus confirming the amorphous nature of the layers. Well-defined 

diffraction peaks are observed starting from the XRD pattern at 350 °C. The characteristic 

peaks of the GST225-fcc crystalline phase coexist with the peaks of the Ge cubic phase, 

whose intensity further increases with the annealing temperature up to 450 °C. The crystallites 

sizes were calculated by Scherrer‘s law for [220] Bragg peak of GST225-fcc phase and for 

[111] Bragg peak of Ge cubic phase (Table 4-I). GST225-fcc phase shows an almost stable 

grain size at all the temperatures, whereas the Ge grains approximately double in size from 

350 °C to 450 °C [313]. 

 

 
Fig. 4.5: XRD patterns of amorphous as-deposited (AD) and annealed GGST up to 450 °C. Indexation is 

performed from database data (ICDD PDF No. 00-054-0484 and 00-004-0545) [313]. 

Table 4-I: Crystallites sizes calculated by Scherrer’s law for GST225-fcc and Ge phases from the XRD patterns 

of annealed GGST [313]. 

T (°C) 

Crystallites size (nm) 

GST225 

[220] 

Ge 

[111] 

350 °C 26 nm 9 nm 

375 °C 22 nm 11 nm 

400 °C 24 nm 18 nm 

450 °C 28 nm 19 nm 

 

The XRD pattern at 335 °C features a broad band reaching the maximum at ~30.5° (2θ), 

which can be further recognized in the XRD pattern at 350 °C as a broad shoulder of the 

GST[200] main peak. Moreover, several other small peaks can be observed in the XRD 
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pattern at 350 °C, but they disappear at higher annealing temperatures together with the 

above-mentioned broad band at ~30.5°. The presence of these features highlights the 

appearance of an intermediate structural evolution step, which the system passes before the 

appearance of GST225-fcc and Ge crystalline phases. The formation of a transient phase 

(G
+
GST) can be suggested, featuring higher Ge content with respect to standard GST225 

alloy. The evidence of such a ―double step‖ crystallization mechanism can be already found in 

R vs T measurement of GGST in Fig. 4.1.  

To confirm the hypothesis of transient G
+
GST phase, isothermal XRD measurements were 

performed for the duration of 70 hours (Fig. 4.6). The temperature of the isothermal annealing 

was kept at ~300 °C, i.e., the temperature, at which the first changes in XRD spectra are 

observed. The aim was to sufficiently slow down the mechanisms and therefore to achieve the 

clear sequence of the different phases appearing in the spectra. The G
+
GST broad band 

appears in the XRD pattern after about one hour of annealing. Only few hours later, the main 

peak of GST225-fcc phase (GST[200]) starts to increase. The intensity of G
+
GST peak then 

decreases progressively as the intensity of the GST[200] peak increases, suggesting the 

gradual expulsion of Ge from G
+
GST in favor of the crystallization of more stable 

GST225-fcc phase. This is rather in agreement with previous observations on a 

crystallization-induced segregation in Te-rich GeSbTe materials [144]. More than 30 hours of 

annealing are required to initiate the growth of Ge crystals, when liberated Ge atoms are 

finally accumulated on the grain boundaries outside of GeSbTe crystalline regions. The 

presence of GeSbTe crystalline interfaces likely induces the heterogeneous nucleation of Ge, 

followed by the rapid growth of Ge crystallites. The rapid growth of Ge crystalline phase 

overtakes the crystallization dynamics of the system and limits the further development of 

GeSbTe crystals (i.e., crystallites size of GST225-fcc remains constant with temperature, as 

shown in Table 4-I). Heterogeneous nucleation of Ge from the neighbor seed crystal allows 

Ge to crystallize at temperatures lower than in elemental a-Ge layers, as observed in Fig. 4.3 

and Fig. 4.5. 

 
Fig. 4.6: Isothermal XRD measurements at ~300 °C on GGST showing the development of GST225-fcc and Ge 

crystalline phases (black and violet dashed lines, respectively). A transient G
+
GST phase (red dashed line) is 

detected before the appearance of GST225-fcc phase [313]. 

In order to further support the Raman and XRD results, the combination of TEM images with 

EDX analyses (TEM-EDX) was performed in order to provide the elemental mapping of the 

layer after annealing. This allows to visualize and to follow the demixing process in the alloy 

(Fig. 4.7).  
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The image of the layer annealed at 300 °C indicates the perfect homogeneity of the 

as-deposited amorphous alloy up to this temperature. An elemental migration starts to be 

visible at 335 °C, which corresponds well with the beginning of the resistivity decrease 

(Fig. 4.1), the progressive rearrangement of the Ge-Te bonds around stable Sb-Te structural 

units observed by Raman spectroscopy (Fig. 4.3 and Fig. 4.4) and the appearance of the 

transient G
+
GST phase in XRD pattern (Fig. 4.6). The migration becomes more evident at 

380 °C, where the Ge-rich and Sb-/Te-rich regions are already clearly separated. Formation of 

such regions evidences the demixing process of Ge and GeSbTe phases described above. The 

separated Ge-rich regions confirm the obtained XRD results (Fig. 4.5) showing the already 

developed Ge crystalline phase around this temperature. At 450 °C, the phase separation is 

fully completed as the perfectly formed Ge and GeSbTe crystalline phases can be 

distinguished. Hence, the crystallization growth of separated Ge and GeSbTe phases 

dominates the system at this temperature [313]. 

 
Fig. 4.7: TEM-EDX analyses of GGST alloy annealed at 300 °C, 335 °C, 380 °C and 450 °C. Ge, Sb and Te 

cartographies highlight the elemental migration and the formation of Ge- and Sb-/Te-enriched zones, evidencing 

the ongoing demixing process. Yellow squares in cartographies at 450 °C highlight the region with GeSbTe 

grains [313]. 

4.1.3 Summary of the section 

To resume this section, the combination of the results obtained from Raman spectroscopy and 

XRD analysis allows to highlight the main structural evolution in Ge-rich GST alloys as a 

function of annealing temperature. XRD analysis confirms the amorphous character of the 

as-deposited Ge45GST layer. Simultaneously, Raman spectroscopy identifies main structural 

units forming the basis of the structure of as-deposited Ge-rich GeSbTe alloys, i.e., vibrational 

modes of Sb-Te and Ge-Te bonds along with a-Ge vibrational modes from Ge excess in the 

layer. Sb-Te modes showed to remain stable up to high annealing temperature, indicating that 

these bonds form the dominant component of the structure.  

The local reorganization of the structure is achieved with increasing annealing temperature, 

ordering the Ge-Te bonds around the stable SbTe units. These rearrangements along with 

increased mobility of Ge atoms drive the system locally towards a gradual expulsion of Ge 

from mixed GeSbTe and Ge-rich GeTe units, giving rise to a G
+
GST transient phase. 

Moreover, the nucleation and growth of this G
+
GST transient phase then continues to feed the 

demixing process. The red circle in Fig. 4.8 highlights the region around Ge3Sb2Te6, in which 

possible transient phases can be found, based on the comparison of the experimental XRD 

pattern with various PDF cards from the database (ICDD PDF No. 04-019-5066; 

01-084-5074; 01-085-2822; 01-084-5063). At higher annealing temperatures, the progressive 
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Ge expulsion further leads to the complete disappearance of the G
+
GST transient phase, 

driving the system towards the stable GST225-fcc crystalline phase along with segregated Ge 

crystalline phase. Owing to the rapid Ge crystal growth, the crystallization dynamics of the 

system is overtaken by Ge phase, thus limiting further development of GeSbTe crystals. The 

schematic overview of the described evolution steps as a function of temperature is presented 

in Fig. 4.9. 

 

 
Fig. 4.8: Ge-Sb-Te ternary diagram highlighting GST225 and GGST compositions. Red circle indicates the 

region (around Ge3Sb2Te6) of the transient G
+
GST phase, which give rise to the partial crystallization in GGST, 

as observed by XRD [313]. 

 
Fig. 4.9: Diagram summarizing the main steps of structural evolution of GGST alloy as a function of annealing 

temperature. 
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4.2 Ge-rich GST: Effect of Ge content 

The investigation performed on Ge45GST alloy were further extended to Ge-rich GST 

compositions varying the Ge content from 15 at.% to 55 at.% (Fig. 4.10; hereafter referred as 

GexGST, where x represents the Ge enrichment). These studies allow to demonstrate several 

competing phenomena in the system, such as Ge diffusion and segregation as well as 

nucleation and growth of both GST and Ge phases, as a function of Ge content and increasing 

temperature. The obtained results allow to describe the overall crystallization mechanisms and 

their dynamics in Ge-rich GST alloys.  

First, the as-deposited samples were studied by WDXRF, Ellipsometry and Raman 

spectroscopy. Next, the structural evolution of Ge-rich GST compositions as a function of 

annealing temperature is presented, using the results based on Raman Spectroscopy, XRD and 

TEM-EDX analyses.  

 
Fig. 4.10: Ge-Sb-Te ternary diagram showing the studied Ge-rich GST compositions [318]. 

4.2.1 As-deposited Ge-rich GST layers 

WDXRF quantification of the Ge, Sb and Te content in the studied Ge-rich GST layers 

(Fig. 4.11) shows good agreement of the measured values with the nominal ones, keeping the 

Sb over Te ratio of 0.4, as expected from the Ge2Sb2Te5 target used for the deposition. The 

global Ge content in the studied alloys increases from about 20 at.% up to more than 60 at.% 

[318]. 
 

 
Fig. 4.11: Ge, Sb and Te content in studied Ge-rich GST alloys measured by WDXRF. Ge content in the alloys 

increases un to more than 60 at.% for Ge55GST [318]. 
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In-situ ellipsometry was performed in order to observe changes in the optical behavior of 

Ge-rich GST samples with increasing temperature. Fig. 4.12 shows the angle psi (ψ), related 

to the ratio between reflection coefficient for p- and s- polarization, as a function of the 

annealing temperature. The GST225 (presented as reference alloy) shows two sharp increases 

of ψ at around ~165 °C and ~350 °C, which correspond to amorphous-to-fcc and fcc-to-hex 

transitions, respectively. Increasing the Ge content in the layers leads to the delay of the first 

transition to higher temperatures, whereas the fcc-to-hex transition is not observed anymore, 

at least up to 400 °C. Moreover, the global difference in ψ is reduced as the Ge content 

increases. In Ge35GST and Ge45GST, the first transition is separated into two steps, 

evidencing the growth of an intermediary phase, presented already in the section 4.1.2. 

Similar double step transition was already observed in R vs T measurements of Ge45GST 

(Fig. 4.1), well demonstrating the complementarity of ellipsometry and R vs T measurements, 

presented already in the section 2.2.2. A second sharp increase of ψ observed in Ge-rich GST 

at higher temperatures may be likely attributed to the growth of the GST phase once Ge phase 

is completely segregated [318]. 

 

 
Fig. 4.12: In-situ ellipsometry measurements showing the delay of the amorphous-to-fcc transition of GST phase 

and Ge phase crystallization for studied Ge-rich GST alloys with increasing Ge content [318].  

Raman spectra of amorphous as-deposited (AD) Ge-rich GST layers are reported in Fig. 4.13. 

The spectra were normalized with regard to the intensity of the peak at 154 cm
-1

 and can be 

divided into two main frequency regions [318]: 

- From 100 cm
-1

 to 190 cm
-1

, overlapping bands at 110 cm
-1

, 124 cm
-1

 and 154 cm
-1

 are 

present, corresponding to the vibrational modes of the GST phase, already described in 

the section 4.1. In particular, the band at 154 cm
-1

 is assigned to the Sb-Te vibrational 

modes of SbTe3 structural units, the band at 124 cm
-1

 is assigned to the Ge-Te 

vibrational modes of GeTe4-nGen (n = 1, 2) mixed units. The identification of the band 

at 110 cm
-1

 required more investigation, employing lower wavenumber region of 

Raman shift, as several contributions to this peak are possible. The band identification 

is described in detail in Appendix 5. Based to the performed analysis, the band at 

~110 cm
-1

 likely corresponds to Eg
2
 vibrational mode of Sb-Te bonds.  

- From 190 cm
-1

 to 300 cm
-1

, two overlapping bands can be distinguished at about 

270 cm
-1

 and 220 cm
-1

, assigned to the TO-like and LO-like vibrational modes of a-Ge, 

respectively (reported in the section 4.1.). 
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The described bands can be distinguished in the spectra of all Ge-rich GST samples. It can be 

noted that the band at 154 cm
-1

 (Sb-Te) is stable in position and width and represents the 

dominant peak in the spectra independently from the Ge content in the layer. On the contrary, 

the decrease in intensity of Ge-Te modes at 124 cm
-1

 and the clearer separation of the peak at 

110 cm
-1

 can be observed in the alloys with higher Ge content. The intensity of the a-Ge 

modes increases respectively with the Ge content in the layer. 

 
Fig. 4.13: Raman spectra of as-deposited GexGST layers highlighting the changes in the Ge-Te modes 

(100 - 130 cm
-1

) and the intensity of amorphous Ge (a-Ge) modes as a function of increasing Ge content [318]. 

4.2.2 Structural evolution of the Ge-rich GST layers as a function of 

temperature 

GexGST layers were annealed under inert N2 atmosphere to temperatures in the range from 

300 °C to 450 °C. The results are shown for all the alloys in the Ge enrichment range from 

15 at.% to 55 at.%, i.e., including the Ge45GST alloy, which was investigated and described in 

the section 4.1. 

Fig. 4.14 shows the Raman spectra of the annealed GexGST layers. The intensity of measured 

spectra was normalized with regard to the intensity of the peak at 154 cm
-1

. Indeed, this 

well-defined peak assigned to the Sb-Te vibrational mode is present in all the spectra at all 

different annealing temperatures. In the spectra of Ge15GST, Ge25GST and Ge35GST at 

300 °C, the broad band below 190 cm
-1

 (Sb-Te and Ge-Te vibrational modes of GST phase) 

already corresponds to that of crystalline GST225-fcc. This likely indicates that the Ge-Te 

bond rearrangement around Sb-Te units in the layer structure is highly advanced or even 

completed. On the contrary, the intensity of Ge-Te modes in Ge45GST and Ge55GST is 

significantly lower, indicating that the stucture is still disordered. The a-Ge modes 

(190 - 300 cm
-1

) present in all compositions indicate that the Ge in the layer still remains 

amorphous.  

At the annealing temperature of 350 °C, the reorganization of Ge-Te modes can be already 

observed in all the compositions. Moreover, the peak at 110 cm
-1

, observed at lower 

temperatures, completely disappears. The most significant changes occur in the region of 

a-Ge modes, where the c-Ge mode appears in all the spectra except for Ge35GST. The 

intensity of c-Ge mode varies correspondingly with the Ge content in the layer. In Ge35GST, 

however, clear shift of a-Ge modes towards the position of c-Ge can be observed (note an 

intermediary peak at 280 cm
-1

), highlighting the ongoing Ge structural reorganization. Layers 
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annealed at 400 °C and 450 °C show a good match between the spectra of all compositions, 

indicating already well formed GST and Ge crystalline phases. The intensity of the c-Ge peak 

increases with the Ge content. Slight asymmetry and hence the position shift of the GST 

phase band (100-190 cm
-1

) in the spectra at 450 °C is due to the presence of an additional low 

intense contribution at ~170 cm
-1

. This contribution is assigned to vibrational modes of Sb-Te 

bonds observed mainly in GST225-hex phase, as described earlier in the section 4.1. The 

presence of this contribution is therefore likely related to the eventual reordering of SbTe 

units between the GeSbTe cubic and hexagonal phases, giving rise to the fcc-hex phase 

transition at higher temperatures (showed for GST225 in the section 4.1.1) [318]. 
 

  

  
Fig. 4.14: Raman spectra of GexGST layers annealed at (a) 300 °C, (b) 350 °C, (c) 400 °C and (d) 450 °C. 

The spectra demonstrate the stability of Sb-Te modes (154 cm
-1

) and changes in GeTe and a-Ge modes 

(100 - 130 cm
-1

 and 190 – 300 cm
-1

, respectively). The c-Ge modes are observed from the annealing temperature 

of 350 °C [318].  

The XRD patterns of the studied layers are presented in Fig. 4.15. The peak intensity in all 

patterns was normalized with regard to the dominant peak of the GST225-fcc phase 

(i.e., GST[200] peak). The XRD patterns of the layers annealed at 300 °C (Fig. 4.15a) show 

the presence only of the GST225-fcc crystalline phase for Ge15GST, Ge25GST and Ge35GST, 

while the XRD patterns of Ge45GST and Ge55GST show only a broad feature indicating still a 

disordered amorphous structure. No XRD peaks corresponding to Ge crystalline phase are 

observed at this temperature. The XRD patterns at 350 °C (Fig. 4.15b) evidence the already 

developed GST225-fcc phase in all the studied compositions. The second set of peaks can be 
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observed, assigned to the Ge cubic crystalline phase. The set of Ge peaks appears in all the 

patterns except for the Ge35GST. These observations are in good agreement with the Raman 

analyses [318]. 

Furthermore, the broad band at ~30.5°, alongside the dominant GST[200] peak, is observed in 

the pattern of Ge35GST at 300 °C, later disappearing at higher temperatures. This band can be 

assigned to the G
+
GST transient phase, similar to that previously observed in Ge45GST at 

350 °C discussed in the section 4.1.2. These findings are also supported by the ellipsometry 

results, evidencing an intermediary transition along the increasing ψ values (Fig. 4.12) [318]. 

High annealing temperatures of 400 °C and 450 °C result in continuous intensity increase and 

narrowing of the GST225-fcc and Ge cubic peaks in the related XRD patterns, demonstrating 

the crystal growth of the separated GST225-fcc and Ge phases. In Ge15GST and Ge25GST, 

these annealing temperature further induces the intensity increase of the peaks corresponding 

to the GST[111] and GST[222] planes, which indicates the preferential crystallization of the 

GST225-fcc phase along these planes. Moreover, XRD pattern of Ge15GST at 450 °C also 

evidences the significant position shift of the GST[200] and GST[220] peaks and the 

appearance of several new broad bands. These changes suggest the advancing fcc-to-hex 

phase transition of GST225 (GST225-hex: ICDD PDF No. 04-008-1147), or much more 

likely the vacancies reordering in the cubic phase, which occurs well before the fcc-to-hex 

transition [319]. 
 

  

  
Fig. 4.15: XRD patterns of GexGST layers annealed at (a) 300 °C, (b) 350 °C, (c) 400 °C and (d) 450 °C [318]. 
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In general, slight position shifts can be observed for the peaks in XRD patterns compared to 

the position of reference data (ICDD PDF No. 00-054-0484 and 00-004-0545). This position 

shift might be likely related to the stress introduced in the layer owing to Ge enrichment. 

However, the stress is not taken into account in our analysis as only Bragg-Brentano 

configuration was used for XRD patterns acquisition. In order to perform further stress 

analysis, different XRD measurement configurations would be necessary.  

The combination of Raman spectroscopy and XRD analysis highlights the main structural 

evolutions common to all studied Ge-rich GST layers, independently of Ge content [318]. The 

stability of SbTe structural units characteristic for GST225-fcc phase is maintained up to high 

annealing temperatures in all the studied compositions, as observed by Raman spectroscopy, 

thus confirming these units to be the dominant component of GST structure. The changes in 

Ge-Te modes intensity with temperature observed in all the studied layers indicate the 

ongoing Ge-Te bonds rearrangement around SbTe units, which was already described more in 

detail for Ge45GST in the section 4.1. In Ge15GST, Ge25GST and Ge35GST, such 

rearrangement leads to the formation of the crystalline GST225-fcc phase at 300 °C 

confirmed by XRD (Fig. 4.15). In Ge45GST and Ge55GST, however, the formation of the 

crystalline GST225-fcc phase is delayed to 350 °C. The coexistence of both GST225-fcc and 

Ge crystalline phases is observed from 350 °C, which demonstrates that the Ge phase 

segregation already started. Ge35GST is the only sample not showing the Ge crystalline phase 

at 350 °C, however, the already advanced evolution of Raman a-Ge modes (i.e., ordering) 

through the gradual shift of a-Ge band towards c-Ge indicates that the process is also ongoing 

for this alloy (an intermediary Raman peak at 280 cm
-1

 can be observed in Fig. 4.14).  

These observations highlight the existing competition/concurrence of the following 

phenomena, which depend on Ge content in the layer and on temperature [318]:  

- nucleation and growth of a GST phase (i.e., GST225-fcc); 

- Ge segregation out of the formed GST phase, which is delayed by increasing Ge 

content (i.e., lower diffusivity), but favored by increasing temperature (i.e., higher 

diffusivity of Ge);  

- backward chemical diffusion of Ge (hinders the GST phase formation), which 

increases with Ge content; 

- nucleation and growth of Ge crystalline phase (favors the Ge segregation). 

Such a sequence of several competing phenomena shows that the final segregation of the 

different phases is actually initiated by the reorganization driven by the stable SbTe units in 

GST phase and by the consequent nucleation of a GST phase. In Ge35GST, the balance 

between Ge (~50 at.%) and Sb/Te content likely delays the formation of the Ge crystalline 

phase due to the competition between delayed Ge segregation and enhanced Ge backward 

diffusion. The Ge segregation is then greatly disfavored in Ge45GST and Ge55GST by high Ge 

content, which can explain the observed delay of the GST phase crystallization to 350 °C.  

Fig. 4.16 shows the values of peak broadening at FWHM for GST[220] and Ge[111] peaks 

and the calculated crystallites sizes of each phase by Scherrer‘s law. The FWHM parameter 

represents the line broadening of the peak after subtracting the instrumental contribution. For 

both GST225-fcc and Ge phases we can observe the decrease of FWHM, i.e., increase of 

crystallites size with temperature, indicating a strong correlation between the crystalline 

growth of both phases. It is interesting to notice that the GST225-fcc crystallites size is larger 

than the equivalent Ge crystal size at all compositions. On the contrary, there is no evident 

dependence on Ge content.The crystallites size of both phases reaches similar values for the 

annealing temperature of 450 °C, independently of the Ge content in the layer. This result 

supports the primary nucleation and crystalline growth of GST phase and consequent 



101 

crystalline growth of the Ge phase. Fig. 4.16 also highlights the crystallization temperature of 

Ge reduced below 350 °C in all the studied layers, as already mentioned for Ge45GST (section 

4.1.2), resulting likely from heterogeneous nucleation of Ge induced at the interfaces of the 

already existing GST crystalline seeds [320–322]. 

 

 
Fig. 4.16: Correlation of the FWHM and crystallites sizes for the GST225-fcc phase and Ge crystalline phases 

(dashed line). The values were taken from the GST[220] and Ge[111] peaks. The solid line represents the 1:1 

ratio between the crystallites size of both phases [318]. 

The progression of GST crystallization followed by Ge crystallization is well observable in 

particular in the GexGST layers with low Ge enrichment, in which the two phases appear at 

different annealing temperatures. On the contrary, the GST and Ge crystalline phases appear 

at the same annealing temperature in the Ge-rich GST layers with higher Ge enrichment, 

which results from two concurrent phenomena: delayed GST phase crystallization and high 

crystalline growth speed of Ge phase. 

The progression of the GST crystallization and Ge segregation processes can be therefore well 

observed in Ge35GST. XRD patterns of Ge35GST at 300 °C, 350 °C and 400 °C without 

normalization are shown in Fig. 4.17. The measurement parameters were kept the same 

during the acquisition, which allows comparing the peak intensity of the emerging 

GST225-fcc phase. The XRD pattern at 300 °C shows the peak GST[200] together with the 

broad band of the transient phase G
+
GST at~30.5°. The low intense but narrow peak of 

GST[200] indicates the formation of high quality grains though present in small quantity, 

which are enclosed in a disordered Ge-enriched G
+
GST phase. High Ge content and relatively 

low temperature do not yet allow the system to expulse abundant Ge and therefore completely 

separate the Ge and GST225-fcc phases. Increasing the annealing temperature up to 350 °C, 

the Ge diffusivity and hence the Ge expulsion from G
+
GST are enhanced. This process leads 

to the gradual disappearance of the transient G
+
GST phase and to the progressive definition of 

GST polycrystalline and Ge crystalline regions. This is evidenced in the XRD pattern at 

350 °C as the intensity of the GST[200] peak increases and the peak becomes slightly broader 

than at 300 °C. The broad feature assigned to G
+
GST is then reduced in intensity. XRD 

pattern at 400 °C further confirms the complete disappearance of G
+
GST phase, whilst the 

separated Ge phase appears (Ge[111] peak), enhanced by the heterogeneous nucleation and 

high growth speed at the interface with the already formed GST225-fcc phase. The model is 

represented schematically in Fig. 4.18. 
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The difficulty to observe such transient phenomena in GexGST layers with lower Ge contents 

is likely related to the reduced formation of the region enriched in Ge, which surrounds the 

GST225-fcc nuclei. Lowering the Ge content likely reduces the time scale for observing the 

broad band as well as its intensity [318]. 

 

 
Fig. 4.17: XRD patterns (range 26°-34°) for Ge35GST alloy at 300 °C, 350 °C and 400 °C highlighting the 

intensity increase of the GST[200] peak related to the GST225-fcc phase and the reduction of the broad band 

assigned to transient G
+
GST phase [318]. 

 
Fig. 4.18: Scheme representing the progress of GST225-fcc phase crystallization, disappearance of transient 

G
+
GST phase with the expulsion of Ge atoms and following Ge phase crystallization with increasing annealing 

temperature [318]. 

In order to follow the progress of the demixing process in the alloy, TEM images with EDX 

analyses were performed on GexGST layers annealed at 400 °C. The Ge and Te cartographies 

in Fig. 4.19a show the formation of Ge-rich and Te-rich regions, which indicates complete 

segregation of GST and Ge phases. These findings confirm the XRD results (Fig. 4.15), 

where the already developed GST225-fcc and Ge cubic crystalline phase are observed. The 

cartographies show the dominance of the Ge phase with increasing Ge content, as expected. 

Based on the data extracted from EDX analyses, we reconstructed the compositional 

distribution of phases present along the tie line between GST225 phase and pure Ge phase. 

The cartographies (Fig. 4.19b) demonstrate the distribution from highly to less occurred 

phases (i.e., transition from dark to light zones, respectively) for the studied alloys. The 

gradual transition of the distribution towards the pure Ge phase can be observed as the Ge 

content in the layers increases. This transition suggests the progressive tendency of the pure 

Ge phase to dominate the system dynamics, which is in good agreement with the XRD results 

[318].  

 

27 28 29 30 31 32 33 34

0

1

2

3

Ge
[111]

GST
[200]

In
te

n
s
it
y
 (

1
0

4
 x

 c
ts

)

Position (°2q)

  300 °C

  350 °C 

  400 °C

Ge35GST

c-Ge GST-fcc

GST-fcc

G+GST

amorphous
structure

G+GST

GST-fcc
amorphous
structure

Ge

Ge
Ge

crystalline
structure

T (°C) T (°C)



103 

 
Fig. 4.19: TEM-EDX analyses on GexGST layers annealed at 400 °C: a) Ge an Te cartographies highlighting 

the elemental migration; b) Ge-Sb-Te ternary diagram showing the compositional distribution along the tie-line 

between GST225 (black square) and pure Ge phase (right bottom corner of the ternary diagram). The colored 

squares represent the position of corresponding GexGST [318]. 

4.2.3 Summary of the section 

In summary of this part, the SbTe structural units demonstrated to be stable and characteristic 

of the GST phase independently from Ge content in the alloy. We decribe the structural 

evolution in the Ge-rich GST alloys, starting with Ge-Te bond rearrangement around these 

stable SbTe units forming the GeSbTe phase. Indeed, the primary crystallization of 

GST225-fcc phase was observed in the alloys, followed by the heterogeneous crystallization 

of Ge crystalline phase. This crystallization sequence is particularly well seen for the Ge-rich 

GST alloys with low Ge content since the crystalline phases appear at different temperatures. 

On the contrary, these two crystallization processes appear simultaneously at high 

temperature in the alloys with high Ge content, resulting from delayed GST phase 

crystallization and fast Ge crystal growth, owing to the competition between delayed Ge 

segregation and enhanced Ge backward diffusion. Moreover, the transient G
+
GST phase, 

presented in the section 4.1.2, is observed for Ge35GST and Ge45GST alloys, demonstrating 

the gradual expulsion of Ge atoms from Ge-enriched GST zones. The crystallites sizes of the 

segregated GST225-fcc and Ge phases are strongly correlated and increase with annealing 

temperature, independently of Ge content in the alloy. 
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4.3 N-doped Ge-rich GST: Structural evolution 

The choice of N doping as a suitable way for the enhancement of thermal-retention properties 

of the GeSbTe alloy has been presented in the chapter 1. As already mentioned, the 

combination of both material optimizations, i.e., Ge enrichment and N doping, has shown first 

promising achievements concerning the alloy properties. In this part, the impact of nitrogen 

doping on the structure of Ge-rich GST alloys is deeply investigated, taking into account the 

findings from N-doped single element layers, presented in the chapter 3, and undoped Ge-rich 

GST alloys, presented in the first part of this chapter.  

First, two N-doped Ge-rich GST alloys are studied, considering the nominal Ge-rich GST 

composition of 45 at.% Ge and 55 at.% GST225 (i.e., Ge45GST) and N2 flow of 2 sccm and 

10 sccm during the deposition process (hereafter referred as GGSTN and GGSTN
+
, 

respectively). The used N2 flow of 2 sccm and 10 sccm correspond to N content in the alloys 

of about 8 at.% and 20 at.%, respectively, quantified by WDXRF. R vs T measurements as 

well as Raman and FTIR spectroscopy and XRD analysis are performed to study the structure 

of N-doped Ge-rich GST and its evolution as a function of temperature. The obtained results 

are compared with GST225 and undoped Ge45GST (GGST).  

R vs T measurements (Fig. 4.20) highlight the main resistivity drops for GST225, GGST and 

GGSTN alloys with increasing temperature. The two resistivity decreases observed in 

GST225 and one double step transition observed in GGST are described in detail in the 

section 4.1. GGSTN layer shows a single transition at about 390 °C, confirming higher 

temperature stability of the amorphous phase reported in previous works [24,141]. Higher 

resistivity of the crystalline state of the annealed GGSTN compared to the GGST highlights 

that N doping hinders the crystallization mechanism and the phases segregation in such alloys 

[313]. 

 
Fig. 4.20: R vs T measurements for GST225, GGST and GGSTN thin layers. Dashed lines indicate the main 

resistivity transitions observed in the different alloys [313]. 

4.3.1 Structural evolution of N-doped Ge-rich GST as a function of 

temperature 

Raman spectra of as-deposited and annealed GGSTN layers (Fig. 4.21) feature the same 

vibrational modes recognized in GGST (Fig. 4.3 and Fig. 4.14). However, the previously 

observed structural evolutions are shifted towards higher temperatures. The well-established 

band of GST phase (100 – 190 cm
-1

) can be observed from 375 °C and the c-Ge peak 

(297 cm
-1

) does not appear until 450 °C (both observed from 335 °C for annealed GGST). 
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GGSTN
+
 layers resulted in more noisy Raman spectra due to higher N incorporation and thus 

higher structure disorder. However, similar structural evolution trends were observed and the 

computed data of peak integrated intensities are discussed later in this section.  

 
Fig. 4.21: Raman spectra of amorphous as-deposited (AD) and annealed GGSTN. Vertical lines show the 

position of Sb-Te modes (154 cm
-1

) and crystalline Ge modes (297 cm
-1

) [313]. 

The Raman spectra analysis of N-doped GGST alloys was performed in the same way as for 

GGST (Fig. 4.4), i.e., the integrated intensities of contributions related to Ge-Te and a-Ge 

modes were obtained from spectra deconvolution and normalized with respect to the 

integrated intensity of the contribution related to Sb-Te modes. This analysis highlights the 

temperature-dependent evolution trends of the different structural units of the alloys.  

The evolution of Ge-Te and a-Ge modes in the three layers is compared in Fig. 4.22. Ge-Te 

modes reach minimum intensity at temperature that increases with the N content, namely at 

about 300 °C, 350 °C and 400 °C for GGST, GGSTN and GGSTN
+
, respectively. For the 

sake of clarity, no distinction is done for Ge-Te modes before and after the detected minimum 

intensity, as in case of GGST (section 4.1.2). However, this detected minimum intensity is 

still attributed to the end of reordering of amorphous layer and the beginning of GST phase 

crystallization. For a-Ge modes, a similar trend is observed for the temperature, at which the 

maximum intensity is reached (at about 250 °C, 350 °C and 375 °C for GGST, GGSTN and 

GGSTN
+
, respectively). The reached maximum intensity of a-Ge modes is followed by abrupt 

intensity decrease, which is more pronounced in the case of both N-doped GGST layers 

compared to GGST [313].  
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Fig. 4.22: Comparison of the evolution in temperature of (a) Ge-Te and (b) a-Ge modes obtained from Raman 

spectra in GGST, GGSTN and GGSTN
+
. Dashed vertical lines highlight the inversion trends for both types of 

modes, showing that structural transitions are delayed to higher temperatures, the higher the nitrogen content 

[313].  

XRD measurements on GGSTN layers Fig. 4.23 show the first diffraction peaks at 375 °C. 

The acquired diffraction pattern might correspond to the GST225-fcc phase. However, the 

diffraction peaks positions are significantly shifted with respect to database data 

(ICDD PDF No. 00-054-0484). The Ge enrichment, the presence of nitrogen and the effect of 

annealing may all induce stress and changes in the lattice parameters resulting in the shift of 

the peak positions. However, it was previously observed that N-doping slightly increases the 

lattice parameter of GST225-fcc phase with an expected shift of the peaks to lower 2θ angles 

[203], which is contrary to our observations. The origin of such a shift may be attributed to 

the crystallization of a transitional G
+
GST phase with Ge content higher than in GST225, as 

already observed in undoped Ge-rich GST alloys (sections 4.1and 4.2). Indeed, the 375 °C 

XRD pattern can be assigned to several phases with stoichiometry close to Ge3Sb2Te6 

(ICDD PDF No. 04-019-5066; 01-084-5074; 01-085-2822; 01-084-5063), as previously 

showed for undoped GexGST alloys (Ge-Sb-Te ternary diagram in Fig. 4.8). N doping likely 

reduces the mobility of Ge in the alloy, leading to the delay of the demixing process of Ge and 

GST phases to higher temperatures. As a result, the nucleation and growth of the transitional 

G
+
GST phase might be enhanced, making the transition step more evident in N-doped 

samples. In the XRD pattern at 400 °C, the GST225-fcc peaks are already well identified, 

with the presence of the broad band at ~30.5°, previously highlighted in case of undoped 

GGST [313].  

The diffraction peaks of Ge crystalline phase appear only at 450 °C. The crystallites sizes 

were calculated by Scherrer‘s law for [220] Bragg peak of GST225-fcc phase and for [111] 

Bragg peak of Ge crystalline phase (Table 4-II), confirming the delayed nucleation and 

growth of both identified phases. 
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Fig. 4.23: XRD pattern of amorphous as-deposited (AD) and annealed GGSTN up to 450 °C. Indexation is 

performed from the database (ICDD PDF No. 00-054-0484 and 00-004-0545). The diffraction peaks assigned to 

GeSbTe phase are observed from 375 °C, while Ge diffraction peaks appear in the XRD pattern of 450 °C [313].  

Table 4-II: Crystallites sizes calculated by Scherrer’s law for GST225-fcc and Ge phases from the XRD pattern 

of annealed GGSTN. *Crystallites size (~12 nm) calculated from XRD pattern at 375 °C, which is assigned to 

the transient G
+
GST phase (i.e., different from GST225 phase) [313]. 

T (°C) 

Crystallites size (nm) 

GST225 

[220] 

Ge 

[111] 

350 °C / / 

375 °C * / 

400 °C 16 nm / 

450 °C 21 nm 19 nm 

 

4.3.2 Formation of Ge-N bonds in the structure 

The N bonding in N-doped layers based on Ge, Sb and Te elemental systems is well observed 

by FTIR spectroscopy, as already presented in the chapter 3. Therefore, the N-doped GGST 

layers were further investigated by this technique to support the results of Raman and XRD 

analysis presented above. As reported in the chapter 2 and shown in the chapter 3, nitrogen 

tends to principally bond with Ge, forming the Ge-N bonds. A considerable charge transfer 

from Ge to N produces strong IR absorption bands related to the Ge-N bond structure. 

IR spectra of as-deposited and annealed GGSTN and GGSTN
+
 were compared with N-doped 

elemental Ge thin layers (hereafter referred as GeN and GeN
+
, respectively) with the same 

thickness and with N incorporation close to N-doped GGST compositions (Fig. 4.24). The 

band intensities in the spectra were normalized with respect to their maximum values. The IR 

absorption band centered at ~700 cm
-1

 (vibrational modes of Ge3N group), is observed in both 

as-deposited N-doped Ge and GGST layers. The asymmetric form of the band, particularly 

well observed in GeN
+
 and GGSTN

+
 spectra, suggests a second band contribution at higher 

wavenumbers (750 - 830 cm
-1

), described more in detail in the section 3.3.1. As explained 
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earlier, this second contribution is also ascribed to Ge-N vibrations and the position shift 

results from enhanced inductive effect due to changed local environment, as more nitrogen 

atoms surround Ge atoms. The increasing temperature does not affect N-doped Ge layers and 

the absorption band remains stable in position and FWHM (section 3.7.2). On the contrary, a 

significant band shift of up to ~40 cm
-1

 (at 450 °C) to higher wavenumbers is observed for 

GGSTN with the annealing temperature. This progressive band shift to higher wavenumbers 

likely suggests the increasing dominance of the second contribution described above. Indeed, 

Ge-N bonds (EGe-N ~2.65 eV) are stronger than Ge-Ge bonds (EGe-Ge ~1.94 eV) [188] and 

require higher annealing temperature for breaking. The gradual change of the Ge and N atoms 

arrangement correlates with the impoverishment in Ge around the main Ge-N vibration, as the 

Ge-Ge bonds more likely break, liberating the Ge atoms. The liberated Ge is then 

progressively involved in Ge phase crystallization, enhancing the Ge phase segregation out of 

primary formed GST, as described for undoped Ge-rich GST alloys (section 4.2.2). The trend 

is particularly evident in GGSTN, where the crystallization of the layer is more advanced with 

respect to GGSTN
+
 for the applied thermal budget (IR absorption band shift of ~10 cm

-1
 and 

~40 cm
-1

at 450 °C in GGSTN
+
 and GGSTN, respectively). The comparison of N-doped 

GGST spectra with almost unchanged N-doped Ge spectra clearly reveals the effect of 

ongoing crystallization of the GST phase on the Ge phase nucleation and consequently on the 

close environment rearrangement of the Ge-N bonds [313].  

 

 
Fig. 4.24: FTIR spectra of amorphous as-deposited (AD) and annealed N-doped Ge and GGST, highlighting the 

position shift of the main GeN band with annealing temperature [313].  
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4.3.3 Summary of the section 

To resume this section, nitrogen in the as-deposited N-doped GGST layers leads to the 

formation of Ge-N bonds, which are stable up to high annealing temperatures. The 

N incorporation and the formation of Ge-N bonds delay the entire process of structural 

rearrangement, starting from Ge-Te bonds reorganization around stable SbTe structural units. 

Upon the increasing annealing temperature, Ge atoms are progressively liberated from the 

close environment around the Ge-N units and can be further involved in Ge phase segregation 

and crystallization. Although the Ge segregation is favored by increasing temperatures, the Ge 

mobility is reduced due to higher thermal stability of Ge-N bonds. As a result, the nucleation 

and growth of the transitional G
+
GST phase, already observed in undoped Ge-rich GST 

alloys, is likely enhanced, making this transition step more evident in N-doped GGST alloys. 

Finally, the complete segregation of crystalline Ge and GST225-fcc phase is delayed to higher 

temperatures, thus demonstrating the enhanced stability of the amorphous phase of these 

alloys. The overall review of the structural evolution steps in GGSTN as a function of 

annealing temperatures and their delay with respect to the undoped GGST is shown in 

Fig. 4.25.  

 
Fig. 4.25: Diagram summarizing the main features related to the structural evolution of GGST (black, bottom 

bars) and GGSTN (red, top bars) with annealing temperature [313]. 
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4.4 N-doped Ge-rich GST: Effect of N content 

N-doped GGST layers were further investigated in order to reveal the impact of different 

N content on the structure and the structural evolution in the alloys. A set of N-doped GGST 

layers with a nominal thickness of 100 nm were deposited on 300 mm Si wafers. The 

deposition was performed by reactive co-sputtering from Ge and Ge2Sb2Te5 targets (Applied 

Materials Endura300) in Ar/N2 gas mixture in the deposition chamber. The deposition 

temperature was kept at ~60 °C. The N incorporation in the as-deposited layers was regulated 

by varying the N2 flow during the deposition from 0 to 12 sccm resulting in N content from 

0 to about 15 at.%. The quantification of the prepared layers was performed by WDXRF 

measurements and the corresponding atomic concentrations for Ge, Sb, Te and N are 

presented in Table 4-III. The Sb over Te ratio of 0.4 is maintained in the as-deposited layers, 

as expected from the Ge2Sb2Te5 target used for the deposition. Raman and FTIR spectroscopy 

along with XRD analysis were employed to study these alloys.  

Table 4-III: WDXRF measured composition of studied N-doped Ge-rich GST alloys. 

Composition 
Content (at.%) 

Ge Sb Te N 

GGST 68.6 9.4 22.0 0 

GGSTN 

65.4 8.9 20.9 4.8 

62.8 8.5 20.1 8.6 

60.9 8.2 19.5 11.4 

58.3 7.8 18.6 15.3 

 

4.4.1 As-deposited N-doped GGST 

Raman spectra of as-deposited N-doped GGST alloys (Fig. 4.26) show the stable contribution 

of Sb-Te modes of GeSbTe phase (154 cm
-1

) and the contributions of a-Ge modes 

(190 - 300 cm
-1

), described in the section 4.1.2. The Ge-Te vibrational modes of GeSbTe 

phase (100 - 140 cm
-1

) are highly reduced due to the large excess of Ge in the alloys, which 

was already observed in section 4.2.2. Moreover, a broad band assigned to Ge-N vibrational 

modes can be observed at 720 cm
-1

. The spectra were normalized with respect to the intensity 

of the peak at 154 cm
-1

 (Sb-Te modes), as in the previous analyses. The integrated intensities 

of contributions assigned to different vibrational modes (i.e., a-Ge, Ge-N) were also 

normalized with respect to the integral intensity of this peak. Increasing N content in the layer 

clearly changes the relative intensities of a-Ge and Ge-N bands (Fig. 4.27), resulting in 

decrease (resp. increase) of the relative intensity of a-Ge modes (resp. Ge-N modes). This 

correlation is in good agreement with our findings on GeN layers in the section 3.3.1. Indeed, 

the decrease in a-Ge modes is related with reduced contribution of Ge-Ge bonds, as more 

stable Ge-N bonds are formed in the alloy. The increasing formation of Ge-N bonds is also 

evidenced by IR spectra, where the main band at ~700 cm
-1

 vibrational modes of Ge3N 

group), increases with N content (Fig. 4.26).  
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Fig. 4.26: Raman spectra (left) and IR spectra (right) of as-deposited N-doped Ge-rich GST alloys with different 

N content. Raman spectra demonstrate the reduction of a-Ge modes (200-300 cm
-1

) and increasing band of Ge-N 

modes with N content. IR spectra highlight the increasing intensity of Ge-N band with N content.  

 
Fig. 4.27: Relative intensity of a-Ge (black squares) and Ge-N (red circles) vibrational modes with regard to the 

stable SbTe vibrational modes. The relative intensities are plotted as a function of N content, showing the 

gradual decrease of a-Ge modes intensity and increase of Ge-N modes intensity.  

4.4.2 Annealed N-doped GGST 

The studied N-doped GGST layers were annealed at temperatures from 375 °C to 500 °C. 

Raman spectra of the alloys annealed at 400 °C (Fig. 4.28) show, that undoped GGST and 

N-doped GGST layers with lower N content are already crystalline. Indeed, well-established 

GeSbTe phase (both Sb-Te and Ge-Te vibrational modes contributions can be distinguished in 

the broad band at 100 – 190 cm
-1

) and segregated crystalline Ge phase (sharp c-Ge peak at 

300 cm
-1

) can be observed. On the contrary, layers with higher N content still demonstrate an 

amorphous character, featuring reduced Ge-Te modes contribution and a-Ge modes broad 

band. These observations are confirmed by XRD analysis (Fig. 4.29). Increasing the 

temperature up to 450 °C results in crystallization and GST225-fcc and Ge phase segregation 

in all studied alloys.  

 

100 150 200 250 300 550 700 850 1000

Ge-NSb-Te
I R

E
L
 (

a
. 
u
.)

Raman shift (cm-1
)

a-Ge

0 at.%

4.8 at.%

8.6 at.%

15.3 at.%

11.4 at.%

4005006007008009001000

0.00

0.02

0.04

0.06

A
b

s
o

rb
a

n
c
e

wavenumber (cm-1)

 0 at.%

 4.8 at.%

 8.6 at.%

 11.4 at.%

 15.3 at.%

0 4.8 8.6 11.4 15.3
1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

I R
E

L
 (

a
.u

.)

a
-G

e
 /
 S

b
T

e
 m

o
d

e
s

N content (at.%)

0.0

0.2

0.4

0.6

0.8

1.0

I R
E

L
 (

a
.u

.)
 

G
e
-N

 /
 S

b
-T

e
 m

o
d
e
s



112 

 
Fig. 4.28: Raman spectra of the N-doped Ge-rich GST alloys with different N content, annealed at 400 °C. The 

spectra show the organized broad band of GST phase (100 - 190 cm
-1

) and the c-Ge peak (300 cm
-1

) for lower 

N content (up to 8.6 at.% of N) while the spectra of the layers with higher N content still feature the broad band 

of a-Ge (190 – 300 cm
-1

). 

  
Fig. 4.29: XRD patterns of N-doped Ge-rich GST alloys with different N contents at annealing temperatures of 

(left) 400 °C and (right) 450 °C.  

Fig. 4.30 shows the values of peak broadening FWHM for GST[200] and Ge[111] peaks and 

the crystallites sizes of each phase calculated by Scherrer‘s law as for undoped Ge-rich GST 

alloys in section 4.2.2. The FWHM parameter represents the line broadening of the peak after 

subtracting the instrumental contribution. For both GST225-fcc and Ge phases, the decrease 

of FWHM (i.e., increase of crystallites size) as function of temperature is observed, 

demonstrating a strong correlation between the phases‘ crystalline growth. The GST225-fcc 

crystallites size is larger than the equivalent Ge crystal size at all N-doped GGST 

compositions, which corresponds to the previous result observed in undoped alloys 

(Fig. 4.16). The crystallites sizes of the two phases reach similar values for the annealing 

temperature of 500 °C, independently of the N content in the layer. These results confirm the 

presence of the same crystallization mechanism, which was already described for undoped 

GGST alloys: the primary nucleation and crystalline growth of GST phase and the consequent 
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crystalline growth of the Ge phase (section 4.2). Owing to the formation of Ge-N bonds in the 

system, this mechanism is, however, delayed to higher annealing temperatures.  

Although the transitional G
+
GST phase was observed in undoped GGST alloys (Ge35GST and 

Ge45GST, in particular) and N-doped GGST alloys described previously in the sections 4.2.2 

and 4.3.1, we did not observe any gradual transition of Raman a-Ge modes or XRD peaks 

corresponding to such transitional phase in these N-doped GGST alloys. This is likely due to 

higher Ge content in the alloys with regard to the layers investigated in the section 4.3.1. 

Higher Ge content together with the formation of Ge-N bonds delays the crystallization to 

higher temperatures. As a results, Ge diffusivity and already rapid Ge crystal gowth are even 

more enhanced, highly reducing the time scale, in which the phase segregation occurs, thus 

making the monitoring of the intermediate G
+
GST difficult. In-situ Raman or XRD 

characterization techniques may highlight such phase formation in these alloys, provided that 

the measurement time is short enough to evidence such a fast transition in Ge-rich GST 

alloys.  

 

 
Fig. 4.30: Correlation of the FWHM and crystallites sizes for the GST225-fcc phase and Ge crystalline phases 

(dashed line). The values were taken from the GST[200] and Ge[111] peaks. The solid line represents the 1:1 

ratio between the crystallites size of both phases. 

Moreover, the position of IR band assigned to Ge-N vibrations (~700 cm
-1

) was followed as a 

function of temperature (Fig. 4.31). The results correspond to the observations in the 

section 4.3.2, i.e., the IR band shifts in position to higher wavenumbers with annealing 

temperature (the shift of about 65 cm
-1

 for the layers annealed at 500 °C comapred to 

as-deposited layers). As already discussed, this shift can be attributed to the changed local 

environment of Ge3N structural units, resulting from the liberation of Ge atoms surrounding 

the Ge3N units with increasing temperature and involved in the Ge phase segregation and 

crystallization. The close environment around Ge3N thus becomes richer in N atoms, forming 

more Ge-N bonds and thus modifying the original vibrational mode of the Ge3N group. This 

can be demonstrated as the increasing additional contribution to the main band at higher 

wavenumbers (described in GeN layers in the section 3.3.1), which overtakes the dominance 

with increasing temperature. 
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Fig. 4.31: Position shift of the main absorption band in IR spectra assigned to Ge-N vibrational modes, plotted 

as a function of annealing temperature. The position shift of about 65 cm
-1

 is highlighted between as deposited 

and annealed (500 °C) layers.  

4.4.3 Summary of the section 

As-deposited and annealed N-doped GGST alloys were studied as a function of N content. 

Increasing N content in the alloys leads to the increased formation of Ge-N bonds at expense 

of Ge-Ge bonds, as observed by FTIR and Raman spectroscopy. Upon annealing, the system 

features a similar evolution as observed in undoped GGST alloys, resulting in segregation of 

crystalline GST225-fcc and Ge phases. However, increasing N content delays the 

crystallization mechanism and phase segregation in the alloys. Indeed, upon annealing to 

400 °C, the alloys with lower N doping feature the crystallization and segregation to 

GST225-fcc and Ge phases, while the alloys with higher N doping remain amorphous. The 

temperature increase up to 450 °C results in the crystallization of both phases in all the 

studied alloys. The comparison of FWHM and crystallite sizes of GST225-fcc and Ge phases 

demonstrates a similar correlation as observed for undoped GGST in the previous section. 

This further supports the idea that the crystallization mechanism and phase segregation in the 

N-doped GGST alloys remained unchanged, while delayed at higher temperatures. Such 

a delay is likely due to the formation of Ge-N bonds, which reduces the Ge mobility (i.e., Ge 

diffusivity in the system) and therefore the Ge phase crystallization. No transitent G
+
GST 

phase was observed in these alloys, which is likely due to higher Ge content compared to the 

N-doped Ge-rich GST alloys studied in the previous section. Indeed, higher Ge content delays 

the Ge nucleation to higher temperatures, resulting also in faster Ge crystal growth and 

ongoing phase segregation once initialized. The systematic studies of N content effect on 

GGST alloys with lower Ge content would be an asset, further contributing to our 

investigation.  
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4.5 Chapter summary 

In this chapter, we investigated the structure and crystallization mechanism of undoped and 

N-doped Ge-rich GST alloys. Raman spectroscopy and XRD confirmed the amorphous 

character of all the as-deposited alloys. Raman spectroscopy further allowed to identify the 

main structural units that form the basis of the structure of undoped Ge-rich GST alloys, 

i.e., Sb-Te and Ge-Te units along with amorphous Ge from Ge excess in the alloys. The 

structural evolution as a function of temperature was studied, taking Ge2Sb2Te5 as a reference 

alloy. We demonstrated that the Sb-Te structural units in Ge-rich GST alloys remain stable up 

to high annealing temperatures, indicating that these bonds form the dominant component of 

the structure. We described the structural evolution in the Ge-rich GST alloys and we 

highlight the existing competition of the following phenomena: nucleation and growth of 

GST225-fcc phase, starting with Ge-Te bonds rearrangement around the stable Sb-Te units; 

Ge segregation out of the formed GST phase and heterogeneous nucleation and growth of Ge 

crystalline phase. This sequence was observed in both undoped and N-doped Ge-rich GST 

alloys. Moreover, the formation of a transient G
+
GST phase is highlighted, resulting from 

Ge-Te bonds rearrangement and gradual expulsion from mixed GeSbTe and Ge-rich GeTe 

units in the first part of structural evolution before reaching the stable and well formed 

GST225-fcc phase.  

Varying the Ge enrichment demonstrated to either enhance or hinder different steps of 

structural evolution of the studied alloys. The structural evolution is particularly well 

evidenced in the Ge-rich GST alloys with low Ge content since the crystalline phases appear 

at different temperatures. On the contrary, the competition between delayed Ge segregation 

and enhanced Ge backward diffusion occurs in the alloys with high Ge content, which results 

in delayed GST phase crystallization and the rapid Ge crystal growth. Therefore, both 

processes become faster and the segregated GST and Ge phases appear almost simultaneously 

at higher temperatures. 

The transient G
+
GST phase, mentioned above, is therefore well observed only in Ge35GST 

and Ge45GST alloys. The crystallites sizes of the developed GST225-fcc and Ge phases are 

strongly correlated and increase with annealing temperature, independently from Ge content 

in the alloy. 

Nitrogen doping in as-deposited Ge-rich GST alloys leads to the formation of Ge-N bonds, 

confirmed by Raman and FTIR spectroscopy. The formation of Ge-N bonds affects the entire 

process of structural rearrangement described above, starting from Ge-Te bonds 

reorganization around stable SbTe structural units. Thus the entire mechanism of structural 

evolution is delayed to higher temperatures, enhancing the stability of the amorphous phase of 

these alloys. Indeed, Ge-N bonds are stable up to high annealing temperatures and although 

the Ge segregation is favored by increased temperature, the Ge mobility is reduced by Ge-N 

bonds. Varying the N content in the alloys further confirms the presented mechanism of 

structural evolution, demonstrating the correlation between the crystallites sizes of the 

GST225-fcc and Ge phases similar to the one found in undoped Ge-rich GST. 
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Conclusion and perspectives 

Material engineering plays an irreplaceable role in the current development of PCRAM 

device technology. The integrated phase-change materials based on GST stoichiometric alloys 

demonstrated to be suitable for optical data storage and stand-alone memories. However, they 

do not dispose of sufficient properties for the requirements of embedded PCRAM device 

applications. Promising results were achieved by two ways of material optimization, 

i.e., Ge enrichment and Nitrogen (N) doping. The PCRAM device with such integrated 

non-stoichiometric or doped alloys demonstrated great performances, such as high data 

retention, high cyclability and reduced power consumption, while still maintaining good 

switching speed. The optimized materials allowed the PCRAM device to fulfill the embedded 

application requirements, in particular the challenging requirements of automotive 

applications, as presented in the chapter 1. However, the material structure, the mechanisms 

of crystallization and the phenomena occurring during the crystallization are still not fully 

understood and rise a lot of questions. The understanding the material structure provides the 

important information about the origin of material properties, which are responsible for final 

PCRAM device performances. Moreover, material limits can be identified, leading for further 

material optimization in order to meet the requirements of PCRAM device applications. The 

thorough structural analysis can also provide the clues for the identification of other suitable 

phase-change materials for different PCRAM device applications.  

This work focuses on the investigation of structural arrangement and crystallization of 

GST-based phase-change materials. The material investigation was carried out in two 

directions: a) Ge, Sb and Te elemental systems and b) Ge-rich GST alloys. For both groups of 

materials, the structure of undoped and N-doped as-deposited layers with the thickness of 

100 nm were investigated as well as their structural evolution as a function of temperature. 

A wide set of complementary characterization techniques was employed: Raman and FTIR 

spectroscopy, XRD and TEM-EDX analysis, supported in some cases by XAS measurements 

and “ab initio”simulations (Table 5-I). The contribution of the employed techniques in 

structural analyses, along with possible challenges concerning the material, instrumentation 

and data analysis is descried in the chapter 2. The section 2.2 then demonstrates the practical 

examples of application of these characterization techniques for structural information of 

elemental systems and GeSbTe alloys at nanoscale and microscale level, reported in literature. 

These examples further provided the base of information for the investigation perfomed in the 

chapters 3 and 4.  

Table 5-I: Summary of studied materials and characterization techniques for structural investigation, employed 

in this work.  

Studied materials Employed characterization techniques 

Ge, Sb, Te elementary systems 
Raman and FTIR spectroscopy,  

WDXRF, XAS, “ab initio” simulations 

Ge-rich GST alloys 
RvsT, Raman and FTIR spectroscopy, ellipsometry,  

WDXRF, XRD / isothermal XRD, TEM-EDX 

 

The structural investigation of Ge, Sb and Te elemental systems (chapter 3) allows to identify 

the characteristic structural motives of each of studied system. The as-deposited Ge layers 

showed the amorphous character (Fig. 3.3), while the as-deposited Sb and Te layers feature 
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the crystalline structure (Fig. 3.5 and Fig. 3.6). N doping in all systems lead to the formation 

of X-N bonds (X = Ge, Sb, Te), increasing the disorder in the layers. The highest level 

of N incorporation was achieved for Ge layers, while the lowest N content at the same N2 

flow during the deposition was reached for Te layers (Fig. 3.1). The structural rearrangement 

due to N incorporation differs depending on the elemental system (section 3.3). The N atoms 

incorporated in Ge layers well form the Ge-N bonds, replacing less stable Ge-Ge bonds in the 

system and making the alloy structure more rigid. This consequently results in high stability 

of N-doped Ge systems in temperature. The N atoms in Sb layers likely substitute the Sb 

atoms in the crystalline structure, owing to the same electrons number and atom coordination 

of both elements. On the contrary, N atoms are the least prone to be incorporated in Te layers, 

likely occupying the interstitial positions between the Te chains of the crystalline lattice. 

The identification of X-N bonds in elemental systems can be well applied for 

the identification of such bonds in more complex N-doped GST alloys, as demonstrated in 

the section 3.6. It was shown, that Ge-N bonds are preferentially formed even in Sb-rich GST 

alloys. Indeed, the stability of Ge-N bonds were observed both in time and at high annealing 

temperatures, as the GeN system remains stable at least up to 550 °C (Fig. 3.15), already for 

the lowest level of studied N content. 

The investigation of as-deposited amorphous Ge-rich GST alloys (chapter 4) showed the 

presence of three different kinds of structural units, as expected: Sb-Te, Ge-Te and Ge. 

The Sb-Te structural units demonstrated the outstanding stability as a function of temperature, 

thus suggesting that Sb-Te units form the main part of these alloys, while the GeTe structural 

units rearrange along these Sb-Te. The structural evolution of Ge-rich GST alloys as 

a function of temperature can be then summarized in the sequence of following steps 

(section 4.2.2):  

- Progressive rearrangement of GeTe around stable SbTe, resulting in primary 

nucleation and growth of GST crystalline phase; 

- Ge segregation out of the formed GST phase; 

- Rapid nucleation and growth of Ge crystalline phase. 

The suggested sequence of several steps is dependent on Ge content and/or N content in 

the GST alloys. In particular, the Ge segregation is affected by Ge content, Ge backward 

chemical diffusion and annealing temperature. Increasing Ge content lowers the 

Ge diffusivity in the system, hindering even the formation of GST crystalline phase and thus 

improving the thermal stability of amorphous phase of the alloy. On the contrary, 

Ge segregation is favored by increasing temperature enhancing the Ge diffusivity and the 

rapid nucleation and growth of Ge crystalline phase once the GST phase has crystallized. 

The N incorporation in Ge-rich GST alloys (sections 4.3 and 4.4) leads to the formation of 

Ge-N bonds, affecting the diffusivity of Ge atoms. The number of formed Ge-N bonds in the 

alloy increases with N doping content at expense of Ge-Ge bonds, making the structure more 

rigid, i.e. increasing the thermal stability of amorphous phase. Moreover, as the Ge atoms are 

forming not only Ge-Ge bonds, but also Ge-Te bonds in the alloys, the formation of Ge-N 

also affects GeTe structural units, thus delaying the rearrangement of GeTe around stable 

SbTe and the nucleation of GST phase to higher temperatures. However, since the GST phase 

starts to nucleate, the entire crystallization mechanism is overtaken by Ge segregation and 

Ge heterogeneous nucleation and growth, as the speed of these processes is largely enhanced 

by the temperature. This also results in the reduced crystallites size of GST phase.  

In this work, the effect of increasing N content was studied in highly Ge-enriched GST alloys 

(Ge ~58-68 at.%), which provides high thermal stability of amorphous phase and therefore the 

suitable solution for embedded PCRAM applications, notably for automotive requirements. 

However, additional studies performed on Ge-rich GST alloys with lower Ge enrichment are 
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suggested in order to follow the structural rearrangement and the individual steps of 

the crystallization mechanism upon the N doping content. The crystallization temperature of 

such alloys is reduced, slowing down the speed of different phenomena, described in 

the section 4.3, and also likely enhancing their intensity. Therefore, the observation of these 

phenomena would be more easily achievable, applying the appropriate characterization 

techniques. The application of in-situ or isothermal measurements would be beneficial in such 

case.  

As mentioned above, the investigation of Ge-rich GST alloys demonstrated the outstanding 

stability of SbTe structural units of the GST as a function of temperature, i.e., in both 

amorphous and fcc crystalline phase. It is important to note, that our studied systems are 

based on Ge-enriched stoichiometric Ge2Sb2Te5 alloy. Further studies on the stability of such 

structural units or their evolution as a function of temperature can be suggested considering 

the use of other stoichiometric GST alloys such as Ge1Sb2Te4 or Ge1Sb4Te7 instead of 

Ge2Sb2Te5, or simply by the variation of Sb/Te ratio, such as in Sb-rich GST. Such alloys, 

called as δ-GST, were recently investigated in [148], potentially targeting high speed 

performance applications, owing to the growth-dominated type of crystallization. 

Such investigation can bring more information about the crucial role of Sb-Te structural units 

in GST alloys.  

The N doping effect on GST alloys was in our work investigated in deposited layers with 

nominal thickness of 100 nm. For the purpose of this work, we assume the in-depth 

homogeneity of N distribution in the as-deposited layers. Further investigations can be 

considered targeting the precise quantification of the N content and its role in layer structure 

as a function of layer thickness. The deposition of the layers with reduced thickness could 

favor different quantity of incorporated Nitrogen, forming different number of Ge-N bonds in 

GST structure and therefore to affect the crystallization temperature of deposited alloys. This 

could lead to reduced thermal stability of amorphous phase of the GST alloy and therefore to 

modified PCRAM device performances. Moreover, the surface and possible interface effects 

are enhanced, taking into account the reduced volume of the deposited layer. Considering 

the device point of view, the thickness of integrated phase-change material would also affect 

the overall device architecture and the choice of material and parameters of employed 

electrodes, targeting the high scalability of PCRAM. Currently, the metrological studies on 

the N quantification as a function of deposited N-doped GST layer thickness carry on in CEA 

Leti, using primary the inline characterization by WDXRF as a process control technique. 

The N content is further determined by IBA techniques in the collaboration with CEA 

IRAMIS, providing the independent method to certify the Nitrogen standards for GST alloys 

and allowing to establish the reliable metrological protocols for quantification by WDXRF.  

Concerning further material engineering, the superlattice-like (SLL) structures can be 

suggested, combining the properties of different phase-change alloys. The thin layers of two 

materials are alternated in the stack, where the number and thickness of the alternating layers 

determine the total thickness of the material. As the first attempts, GeTe/Sb2Te3 SLL 

structures were suggested contrary to Ge2Sb2Te5 monolayers [323–328]. Recently, new SLL 

systems based on Ge2Sb2Te5/Sb or Ge2Sb2Te5/Sb2Te3 have been demonstrated, combining the 

phase transition of Ge2Sb2Te5 with attractive fast crystallization speed of Sb or Sb-based 

alloys [329–331]. In the context of our work, new SLL structures based on Ge2Sb2Te5/GeN 

stack could be suggested instead of N-doped Ge-rich GST monolayered alloys, employing the 

high thermal stability of GeN alloys, while possibly avoiding the issues related to the GST 

and Ge phase segregation, both presented in this work. 

This thesis demonstrates the benefits of application several characterization techniques in the 

investigation of phase change materials structure and the complementary effect of the 
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obtained results. Indeed, the combination of Raman spectroscopy and XRD analysis allows to 

outline the structure in both amorphous and crystalline phases of the studied alloys, 

i.e., across the crystallization transition. In general, Raman spectra and XRD patterns are 

acquired at discrete temperatures, giving the overall idea about the system evolution. 

Application of in-situ or isothermal measurements could provide more detailed data about the 

structural evolution in a real time and allow to determine the system dynamics. Indeed, in-situ 

ellipsometry and isothermal XRD measurements (Fig. 4.12 and Fig. 4.6, respectively), 

provided such kind of information. In-situ and isothermal Raman spectroscopy and XRD with 

fast enough acquisition would be suitable methods how to further study the effects of 

N-doping in Ge-rich GST alloys, in which, especially, the different phenomena occurs 

rapidly, once the system reaches high crystallization temperatures. In-situ Raman 

spectroscopy coupled with resistivity measurements could be also suggested for more detailed 

study of structural rearrangement in amorphous phase, when the alloy resistivity slightly 

decreases before reaching the sudden drop related to the system crystallization.  

Raman spectroscopy, in particular, provides the deep insight in the structure of the amorphous 

phase by identifying the vibrational modes of different structural units. Most of the works, 

including this thesis, employ the unpolarized Raman measurements. However, 

the polarization dependence of the Raman signal was observed in reference binary Sb2Te3 and 

GeTe alloys [123,179,210,332–334]. Considering the analogy with these binary systems, 

the application of polarized Raman measurements on (Ge-rich) GST alloys can enhance or 

reduce the intensity of different vibration modes of GeTe and SbTe structural units and 

therefore bring the additional information concerning the structural evolution of such alloys. 

Polarized Raman measurement could be also beneficial in deeper investigation of the role of 

Sb-Te bonds in other non-stoichiometric GST systems (e.g., Sb-rich GST), mentioned above. 

Moreover, a resonance effect of such bonds was observed in binary Sb-based alloys 

[335,336], enhancing the Raman signal intensity in a dependence on selected laser excitation 

wavelength. Taking advantage of this phenomenon, Resonance Raman spectroscopy could be 

also applied in further investigation.  

XRD analysis in Bragg-Brentano configuration allows to identify the structural arrangement 

of the crystalline phase and can provide further information about its development as a 

function of temperature by following the crystallite sizes of the formed phases in the studied 

alloys. In order to calculate the approximated values of crystallites size, the contribution of 

internal stress to the FWHM of the XRD peaks is omitted. However, the presence of such 

stress in undoped and N-doped Ge-rich GST alloys during the crystallization is highly 

probable, owing to both Ge enrichment and N doping. The detailed stress analysis by 

adopting the different XRD techniques, as reported in [203,222,337], would support 

the investigations of crystalline phases microstructure.  

Last but not least, other characterization techniques not used in this work can be employed in 

order to study the structure of GST phase-change materials. Nuclear Magnetic Resonance 

(NMR) can be named as an example of such characterization. In particular, NMR analysis has 

been largely used for spectroscopic studies of Te-based organometallic and other telluride 

compounds [197,256,258]. This characterization technique can provide significant 

information on local coordination environment of studied atom in both amorphous and 

crystalline phase, such as the identification of the nearest and the next-nearest neighbor atoms, 

coordination numbers, local site symmetry and degree of covalency. Considering 

the investigation of undoped and N-doped GST alloys, all elements, i.e. Ge, Sb, Te and 

N provide NMR-active nuclei, which could be used for structural investigation of both 

N-doped elemental systems presented in chapter 3 and undoped/N-doped GST alloys 

presented in chapter 4. Only a limited number of NMR studies were designed for GST 
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phase-change alloys so far [338–340], which could possibly open a new field of investigation, 

where the NMR could play a role as a structural technique complementary to XRD and XAS. 

The focus of this work is paid primarily on the GST phase-change materials achieving high 

temperature stability of the amorphous phase enabling to fulfill the requirements of embedded 

PCRAM applications in automotive industry. However, the structural investigation performed 

in this work contributes to the understanding of elementary Ge, Sb and Te systems and GST 

alloys, their structure, bonding arrangements and mechanisms of structural evolutions along 

with the effect of nitrogen incorporation. Besides the PCRAM applications and neuromorphic 

computing mentioned in the section 1.2.5, GST alloys and other chalcogenide phase-change 

materials attract the attention in particular in the field of photonic devices, exploiting the 

optical contrast upon material phase transition. In this field, GST alloys have found the 

promising applications in waveguides, metasurfaces, modulators, absorptive color filters or 

tunable metalenses [13,80,81,341]. Therefore, the results of this thesis can allow further 

material engineering of alloys based on Ge, Sb and Te elements also for the other applications 

than which are offered by PCRAM devices. 
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Résumé en français 

Introduction 

A l‘époque digitale d‘aujourd‘hui, la quantité des données à stocker et à procéder augmente 

rapidement. Effectivement, il est estimé que la quantité des données procédées atteindra 

175 zettabytes en 2025. La nécessité de stocker autant de données encourage le 

développement de nouvelles technologies innovantes dans le domaine des mémoires 

Non-Volatiles, dont l‘intérêt est qu‘elles permettent de conserver des données sans 

alimentation d‘énergie constante. Parmi les technologies NVM innovantes, les Mémoires à 

Changement de Phase (PCRAM) sont considérées comme la solution la plus avantageuse 

pour la prochaine génération de NVM, grâce à leurs capacités uniques telles qu‘une haute 

scalabitié, de grandes vitesses de lecture et d‘écriture et une cyclabilité élevée. Cette 

technologie a fait son entrée sur le marché d‘abord dans le domaine des mémoires autonomes 

(―stand-alone―) comme Storage Class Memory (SCM), permettant de profiter de sa 

non-volatilité, faisant concurrence aux mémoires Flash et Hard-Disk Drives, et en même 

temps de la vitesse opérationnelle proche de celle des mémoires volatiles comme la Dynamic 

Random Access Memory (DRAM). Récemment, les PCRAM ont montré leur maturité dans le 

domaine des mémoires embarquées pour les applications dans l‘industrie automobile ou dans 

les systèmes d‘intelligence artificielle.  

Le dispositif PCRAM est basé sur un matériau à changement de phase qui est intégré entre 

deux électrodes et qui subit une transition entre sa structure amorphe et cristalline induite par 

la chaleur créée entre les électrodes. Le choix du matériau intégré joue un rôle décisif 

concernant les capacités finales du dispositif. Les matériaux chalcogénures du système 

ternaire Ge-Sb-Te sont les plus investigués comme matériaux à changement de phase, mettant 

en évidence l‘alliage stoéchiométrique de Ge2Sb2Te5 comme une référence. 

Malheureusement, sa stabilité thermique n‘est pas suffisante pour des applications 

embarquées, notamment dans l‘industrie automobile. Plusieurs voies sont proposées pour 

optimiser la stabilité thermique, dont les deux qui ont attiré le plus d‘intérêt sont 

l‘enrichissement en Ge et le dopage par l‘azote (N). Ces matériaux optimisés ont bien 

démontré des effets positifs sur les capacités du dispositif final. Par contre, la compréhension 

de la structure, son évolution en fonction de la température et le mécanisme de cristallisation 

de ce type d‘alliages restent peu connus.  

L'objectif de ce travail est de mener des investigations structurales et de mieux comprendre le 

mécanisme de cristallisation dans les alliages GeSbTe (GST), permettant les applications 

exigeant la haute stabilité thermique. Nous étudions deux groupes de matériaux : a) les 

systèmes élémentaires de Ge, Sb et Te et b) les alliages GST enrichis en Ge. Nous identifions 

les principales caractéristiques de leurs structures et nous étudions leurs évolutions sous 

l‘effet de l‘incorporation de N. Nous employons des techniques de caractérisation diverses, 

e.g., les spectroscopies infrarouge (FTIR) et Raman, la Diffraction des rayons X (XRD) et la 

Microscopie Electronique en Transmission associée à la Spectroscopie de rayons X à 

Dispersion d‘Energie  (TEM-EDX), permettant d‘obtenir des informations complémentaires 

sur les deux phases des matériaux (les phases amorphe et cristalline). Ces investigations 

permettent de contribuer à la compréhension de l‘arrangement structural et la formation des 

liaisons avec N ainsi que les évolutions structurales en fonction de la température. Elles 

mettent en évidence les caractéristiques structurales clés responsables de la haute stabilité 

thermique. 
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Chapitre 1 : Mémoires à Changement de Phase : les Principes et la Technologie 

Le chapitre 1 introduit les principes généraux de la technologie des PCRAM. Nous présentons 

les caractéristiques technologiques d‘un dispositif PCRAM et la liaison entre les capacités du 

dispositif et les propriétés du matériau intégré. Ensuite, le chapitre se focalise sur les 

matériaux à changement de phase, présentant des concepts théoriques de mécanismes de 

cristallisation ainsi que la description générique des phases amorphe et cristalline, qui sont la 

clef du principe de fonctionnement des mémoires à changement de phase. Nous introduisons 

le système ternaire de Ge-Sb-Te, dont les alliages sont les plus utilisés en tant que matériaux à 

changement de phase. Nous décrivons la structure et les propriétés des alliages de référence 

binaire (GeTe et Sb2Te3) et ternaire (Ge2Sb2Te5). Deux voies sont proposées pour optimiser 

les matériaux GST: la modification de stoéchiométrie de l‘alliage et le dopage par des 

éléments légers. Des alliages non-stoéchiométriques enrichis en Ge et en Sb sont présentés, 

mettant en évidence leurs avantages pour des applications potentielles demandant la haute 

stabilité thermique et la haute vitesse des opérations, respectivement. Quant au dopage par les 

éléments légers, les dopages par C, O et notamment N sont présentés comme des solutions 

pour l‘augmentation de la stabilité thermique. Dans le cadre de cette thèse, les GST enrichis 

en Ge et dopés par N sont ciblés pour l‘investigation structurale.  

 

Chapitre 2: Caractérisation des Matériaux à Changement de Phase 

Le chapitre 2 présente brièvement les techniques de caractérisation utilisées dans le cadre de 

ce travail pour investiguer la structure des matériaux GST. Les techniques de caractérisation 

électrique, optique, par rayons X et de microscopie sont employées (Tableau 6-I) pour obtenir 

des informations complémentaires sur les matériaux étudiés.  

Tableau 6-I : Domaines de caractérisation diverses avec la liste des techniques de caractérisation utilisées dans 

ce travail.  

Domaine de caractérisation Techniques de caractérisation 

Propriétés électriques  Mesures de résistivité  

Caractérisation optique  Spectroscopie FTIR, spectroscopie Raman  

Caractérisation par Rayons X XRD, XPS, WDXRF, XAS 

Microscopie TEM-EDX 

 

Cela permet d‘investiguer les domaines suivants: 

- Transition de phases et température de cristallisation ; 

- Arrangement de la structure, identification des liaisons formées ; 

- Structure locale ; 

- Microstructure ; 

- Métrologie, quantification des éléments de dopage (N). 

En plus, les techniques de caractérisation expérimentales peuvent être accompagnées par des 

simulations « ab initio ». Nous présentons des exemples pratiques de caractérisation des 

matériaux GST par les techniques employées dans ce travail. Nous présentons la recherche 

bibliographique sur ces matériaux, soulignant les informations obtenues sur la structure. Nous 

démontrons la complémentarité des mesures de résistivité avec l‘ellipsométrie in-situ afin de 

suivre la transition de phases. Nous présentons des études par spectroscopie Raman et FTIR 

sur les systèmes élémentaires, binaires et ternaires, qui pourrons servir pour identifier des 
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liaisons et unités structurales dans la suite de cette thèse. Nous illustrons l‘étude de 

l‘oxydation du GST et l‘identification des liaisons avec N par XPS et FTIR. Nous discutons 

l‘investigation de la structure locale par XAS, complétée par des simulations. Enfin, nous 

présentons l‘étude du mécanisme de cristallisation et du suivi de la ségrégation de phases dans 

GST enrichi en Ge par des analyses XRD et TEM-EDX, qui proposent la cristallisation 

prioritaire de la phase Ge suivie par la cristallisation de la phase GST. En complément du 

Chapitre 1, ce chapitre présente une base d‘informations théoriques et expérimentales 

disponibles dans la littérature pour guider les investigations structurales présentées dans cette 

thèse. Enfin, nous présentons les détails de la préparation des matériaux investigués dans ce 

travail (couches minces déposées par pulvérisation cathodique) ainsi que les paramètres de 

mesures pour les techniques employées.  

 

Chapitre 3 : Les systèmes élémentaires Ge , Sb et Te dopés par N 

Le chapitre 3 est dédié à l‘investigation structurale des systèmes élémentaires de Ge, Sb et Te 

et leur évolution structurale sous l‘effet de dopage par N. Nous étudions la structure de ces 

matériaux par spectroscopie FTIR et Raman, complétés par des analyses par spectroscopie 

d‘absorption des rayons X (XAS). En plus, des simulations « ab initio » viennent conforter les 

résultats expérimentaux. Les résultats de quantification par spectroscopie de Fluorescence de 

rayons X (WDXRF) montrent que la quantité de N incorporée est la plus élevée dans les 

couches élémentaires de Ge et la plus faible dans les couches élémentaire de Te. 

L‘investigation de la structure du Ge montre le remplacement des liaisons Ge-Ge par des 

liaisons Ge-N (Fig. 6.1a), qui sont plus fortes et plus stables ; cela est confirmé par des études 

de stabilité en température. La couche Ge déposée est amorphe et cristallise entre 500-550 °C. 

La cristallisation des couches dopées N n‘est pas observée jusqu‘à cette température, même 

pour la quantité de dopage la plus faible utilisée dans ce travail. La structure de la couche Sb 

sans dopage semble être cristalline après le dépôt, ce qui est indiqué par des pics identifiés 

dans le spectre Raman. Apparemment, les atomes de N incorporés dans la structure de Sb 

substituent aux atomes de Sb et forment des liaisons Sb-N, cela est confirmé par une bande 

d‘absorption identifiée dans les spectres IR (Fig. 6.1b). La substitution des atomes Sb par N 

est facilitée par la même coordination de ces éléments et le même nombre d‘électrons de 

valence, comme les deux éléments se trouvent dans la même colonne du tableau périodique. 

La substitution raccourcit les distances interatomiques dans la structure Sb cristalline, en 

créant du désordre, indiqué par une bande élargie au lieux des deux pics Sb dans les spectres 

Raman. La structure de Te montre la moindre affinité à incorporer N. La structure dela couche 

de Te déposée est identifiée comme cristalline, comme l‘indiquent les pics dans le spectre 

Raman. Le dopage par N perturbe la structure cristalline, comme dans le cas de Sb. Par 

contre, les atomes N s‘incorporent plutôt dans les positions interstitielles entre les chaines 

atomiques de Te dans les coins de la maille cristalline. Le N forme des liaisons Te-N faibles 

entre l‘atome de N et des Te des trois chaines à proximité (Fig. 6.1c). Cela perturbe le 

système, changeant les distances entre les chaines et leur rotation due à la stéréochimie des 

paires d‘électrons libres des deux éléments Te et N. Enfin, la structure de TeN maintient les 

chaines de Te, mais le désordre induit dans la structure fait monter une contribution amorphe 

observée par spectroscopie Raman. Les liaisons Te-N formées dans la structure sont faibles, 

ce que montrent les études de stabilité en temps. Les spectres IR des couches TeN viellies ont 

montré une réduction des bandes d‘absorption assignées à Te-N et l‘apparition de bandes liées 

à Te-O, indiquant l‘oxydation des couches TeN, malgré la couche d‘encapsulation déposée.  

Ces études permettent de comprendre le mécanisme d‘incorporation de N dans les systèmes 

élémentaires de Ge, Sb et Te et la formation des liaisons avec N. Des bandes d‘absorption 

attribuées à la formation des liaisons X-N (X = Ge, Sb, Te) ont été identifiées dans les 
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spectres IR, ce qui n‘était pas référencé dans la littérature auparavant. Les résultat obtenus de 

ces études peuvent être appliqués pour l‘identification des liaisons X-N dans les systèmes plus 

complexes, notamment les alliages GST enrichis en Ge, qui améliorera la compréhension de 

l‘arrangement structural et de l‘effet du dopage N.  

 

  

 
Fig. 6.1: spectres infrarouge de a) alliages GeN, b) alliages SbN, c) alliages TeN démontrant les bandes 

d’absorption assignées aux modes des vibrations des liaisons Ge-N, Sb-N, Te-N, respectivement. Les figures sont 

accompagnées par des illustration de la structures des éléments sous l’impact de l’incorporation de N. 

Chapitre 4 : Les alliages GeSbTe 

Le chapitre 4 est dédié à l‘investigation des alliages GST enrichis en Ge. Dans la première 

partie du chapitre, les alliages sans dopage N sont étudiés, en variant la quantité 

d‘enrichissement de Ge entre 15 et 55 at.% (Fig. 2). La structure des phases amorphe et 

cristalline et le mécanisme du cristallisation sont étudiés par spectroscopie Raman et XRD. 

Les résultats sont comparés par rapport à la composition de référence de Ge2Sb2Te5, mettant 

en évidence la stabilité des unités structurales à la base des liaisons Sb-Te jusqu‘aux hautes 

températures dans les alliages enrichis en Ge. L‘évolution structurale en température observée 

peut être résumée par les étapes suivantes (Fig. 6.2): 

- Réarrangement progressif des liaisons Ge-Te autour des unités SbTe, pour former la 

structure cristalline cubique de la phase GST ; 

- Ségrégation du Ge de la phase GST formée ; 

- Nucléation et croissance rapide d‘une phase cristalline de Ge. 
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La cristallisation de la phase GST avant la cristallisation de la phase Ge est bien évidente dans 

les spectres XRD à 300 °C, confirmant la formation de la phase GST sans la présence de la 

phase Ge. Plusieurs phénomènes sont mis en évidence pendant l‘évolution structurale des 

GST enrichis en Ge, en fonction de la quantité de Ge. En effet, la ségrégation de la phase Ge 

est bloquée en augmentant la quantité de Ge dans le système (diffusivité des atomes Ge 

ralentie), ce qui retarde la cristallisation de la phase GST. Au contraire, la diffusivité du Ge 

augmente avec la température ainsi que la vitesse de nucléation et croissance cristalline de Ge, 

une fois que la phase GST est établie.  

D‗ailleurs, nous avons observé la formation d‘une phase de transition notée G
+
GST, 

notamment pendant l‘évolution structurale de Ge35GST et Ge45GST. Cette phase, enrichie en 

Ge par rapport au Ge2Sb2Te5 mais moins que les compositions d‘origine, ajoute une étape 

intermédiaire. L‘apparition de cette phase confirme le procédé de ségrégation du Ge en dehors 

de la phase GST formée (Fig. 6.3). La phase G
+
GST disparait à nouveau à des températures 

élevées, ce qui augmente la diffusivité du Ge et donc le progrès du système vers des phases 

cristallines stables, i.e., les phases Ge2Sb2Te5 et Ge. La ségrégation de système est suivie et 

confirmée par des résultats TEM-EDX. En calculant la taille des cristallites, nous avons 

trouvé une bonne corrélation entre les deux phases ségrégées. La taille des cristallites 

augmente en température pour les deux phases, indépendamment de la quantité de Ge dans 

l‘alliage, atteigant des valeurs similaires à haute température (~450 °C).  

La deuxième partie du chapitre 4 étudie l‘impact de dopage N et de sa quantité sur la structure 

du GST enrichi en Ge et son évolution en température. Nous démontrons la formation des 

liaisons Ge-N, stabilisant la phase amorphe du système vers des températures plus élevées. La 

formation du Ge-N impacte l‘évolution structurale en température dès la première étape, 

c‘est-à-dire dès le réarrangement des liaisons Ge-Te autour des unités structurales SbTe. 

Comme la température de cristallisation augmente, la dynamique de ségrégation et 

cristallisation des phases dans le système est plus rapide, dominée notamment par la vitesse de 

cristallisation de la phase Ge.  

La quantité des liaisons Ge-N formées dans la structure augmente en correspondance avec la 

quantité de dopage par N, comme le montrent les spectres IR. Simultanément, la quantité des 

liaisons Ge-Ge diminue. Cela confirme les résultats obtenus lors de l‘investigation des 

couches de Ge élémentaire dopées N dans le chapitre 3. La formation élevée du Ge-N 

augmente encore plus la stabilité de la phase amorphe du système en augmentant la 

température de cristallisation. Toutefois, les étapes du mécanisme d‘évolution structurale 

proposées pour le GST enrichi en Ge et non dopé sont maintenues. Le calcul de la taille des 

cristallites des phases ségrégées démontre une corrélation similaire à ce qui était observé 

précédemment pour des alliages sans dopage, atteignant des valeurs similaires pour les deux 

phases ségrégées à la haute température (~500 °C).  
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Fig. 6.2 : (gauche) Diagramme ternaire du système Ge-Sb-Te démontrant la composition de référence 

Ge2Sb2Te5 ; (droite) représentation de l’évolution structurale en fonction de température des alliages GST 

enrichis en Ge et GST enrichis en Ge et dopé azote (N).  

 
Fig. 6.3 : Illustration de la ségrégation et cristallisation progressive des phases GST et Ge dans les alliages GST 

enrichis en Ge en passant par l’étape intermédiaire de la phase G
+
GST. 

Conclusion et Perspectives 

L‘optimisation des matériaux à changement de phase joue un rôle fondamental pour le futur 

développement des PCRAM, notamment pour les applications embarquées employées dans 

l‘industrie automobile. Pour cela, les matériaux intégrés dans les dispositifs doivent exceller 

par la haute stabilité thermique. L‘enrichissement de la stoéchiométrie des alliages GST par 

Ge et le dopage par N sont proposés comme des solutions prometteuses. Cette thèse contribue 

à la compréhension de la structure de ce matériaux et de l‘effet de l‘enrichissement en Ge et 

du dopage N. D‘abord, les structures des systèmes élémentaires Ge, Sb et Te sont investigués 

pour comprendre l‘effet de l‘incorporation de N et de la formation des liaisons de ces 

éléments avec N. Effectivement, les liaisons Ge-N sont démontrées être les plus favorables et 

les plus stables parmi les systèmes investigués. Les résultats de cette investigation sont 

appliqués plus tard pour l‘identification des liaisons formées dans les systèmes complexes 

(GST enrichi en Ge et dopé N). L‘investigation des structures amorphe et cristalline de GST 

enrichi en Ge permet de démontrer la stabilité et la prédominance des unités SbTe et le 

réarrangement progressif de la structure. L‘évolution structurale démarre par ce 

réarrangement structural (GeTe autour des unités SbTe) en donnant lieu à la nucléation et la 

croissance primaire de la phase GST, suivie par la ségrégation et cristallisation rapide de la 

phase Ge. Le dopage de N dans le GST enrichi en Ge augmente la stabilité de la phase 

amorphe et augmente la température de cristallisation du système. En effet, les atomes N 

incorporés dans la structure forment des liaisons Ge-N stables, qui bloquent la diffusion des 

atomes Ge, ce qui reporte déjà la première étape de l‘évolution structurale (i.e., réarrangement 

de Ge-Te autour de SbTe). 
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Plusieurs possibilités pour des futures investigations des matériaux GST sont proposées 

comme perspectives à ce travail. Des études d‘alliages GST enrichis en Ge et dopés N avec un 

contenu de Ge réduit par rapport aux alliages étudiés dans ce travail (contenu global de 

Ge 58 – 68 at.%) sont proposés pour compléter les résultats sur l‘évolution structurale établis 

dans ce travail. La réduction de l‘enrichissement en Ge permettrait de ralentir le procédé de 

ségrégation afin de suivre des étapes séparées de ce procédé. En plus, l‘application des 

techniques in-situ ou isotherme, notamment pour la spectroscopie Raman ou l‘XRD, 

présenterait des avantages pour la caractérisation avancée de ces évolutions structurales. Pour 

mieux comprendre la stabilité et le rôle dominant des unités structurales SbTe, l‘investigation 

d‘autres alliages avec une variation du ratio Sb/Te est suggérée (les systèmes à base de 

Ge2Sb2Te5 avec un ratio Sb/Te ~0.4 sont étudiés dans ce travail). Concernant le dopage par N, 

nous proposons des études avancées de l‘incorporation de N en fonction de l‘épaisseur de la 

couche. La scalabilité est une caractéristique importante des dispositifs PCRAM, mais qui 

apporte aussi de nouveaux défis. L‘incorporation de N dans des couches plus minces 

(i.e., < 100 nm, qui est l‘épaisseur des couches dans le cadre de cette thèse) pourrait être soit 

favorisée soit réduite et va impacter le nombre des liaisons Ge-N formées, donc la stabilité 

thermique du matériau. En plus, l‘importance des effets des surfaces et interfaces augmente et 

leur compréhension est nécessaire. Pour ces raisons, un protocole métrologique de 

quantification de N devrait être établi, par exemple par WDXRF, la technique déjà bien 

employée pour le contrôle des procédés de dépôt. L‘analyse de la structure globale d‘un 

matériau intégré dans le dispositif PCRAM pourrait aussi apporter des suggestions 

intéressantes à appliquer. Par exemple, la structure notée comme superlattice-like (SLL) peut 

être proposée car combinant les propriétés des deux matériaux à changement de phase. Ce 

type de structure était déjà proposé pour GeTe/Sb2Te3 pour remplacer une monocouche de 

Ge2Sb2Te5. De nouvelles structures SLL Ge2Sb2Te5/Sb et Ge2Sb2Te5/Sb2Te3 ont été 

considérées récemment, combinant la transition de phases de Ge2Sb2Te5 et la vitesse de 

cristallisation de Sb et ses alliages. Dans ce contexte, des nouvelles structures SLL à base 

d‘empilements de Ge2Sb2Te5/GeN peuvent être proposées au lieu d‘une monocouche de GST 

enrichie en Ge et dopée N, toujours en profitant de la haute stabilité thermique apportée par le 

GeN.  

A part l‘optimisation des matériaux à changement de phase, cette thèse démontre la 

complémentarité des techniques de caractérisation utilisées et leurs avantages. La 

combinaison de la spectroscopie Raman et des analyses XRD permet d‘étudier l‘arrangement 

structural dans les phases amorphe et cristalline complétée par des informations concernant la 

ségrégation des phases et la taille des cristallites. Dans ce travail, des mesures ex-situ ont été 

principalement employées pour étudier les systèmes. Pour la suite, nous proposons 

l‘application des techniques in-situ ou isotherme qui permettraient de suivre l‘évolution 

structurale en temps réel et donc d‘offrir plus de détails. Le couplage de ces techniques 

présente aussi un autre avantage de la caractérisation avancée. Dans ce cadre, des mesures de 

résistivité couplées avec de la spectroscopie Raman in-situ pourraient être proposées. La 

spectroscopie Raman, en particulier, propose d‘autres possibilités pour les investigations 

structurales dans les alliages GST. Une source d‘excitation non polarisée a été utilisée dans ce 

travail. Cependant, l‘utilisation d‘une source d‘excitation polarisée pourrait apporter des 

information additionnelles, permettant d‘augmenter ou réduire l‘intensité des modes de 

vibrations des liaisons Ge-Te et Sb-Te et donc d‘améliorer leur distinction. En plus, 

l‘investigation avancée de la stabilité et prédominance des liaisons Sb-Te discutée auparavant 

pourrait être facilitée par la source polarisée, sachant qu‘une dépendence en fonction de la 

polarisation a été observée dans les alliages binaires Sb2Te3. Concernant les analyses de la 

microstructure par XRD et TEM-EDX, la contribution du stress interne n‘est pas évaluée dans 

ce travail. Néanmoins, sa présence est fortement probable comme le système possède 
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plusieurs phases différentes (i.e., GST, Ge, GeN). L‘analyse du stress en adoptant des mesures 

XRD appropriées pourrait compléter les analyses présentées ici. Enfin, d‘autres techniques de 

caractérisation pourraient être aussi proposées, apportant des informations complémentaires. 

La spectroscopie par Résonance Magnétique Nucléaire (NMR) est une technique utilisée 

notamment pour des composés organométalliques à base de Te. Très peu d‘études NMR ont 

été publiées sur les matériaux GST jusqu‘à ce jour, cela permettant d‘ouvrir une nouvelle 

sphère d‘investigation qui pourrait offrir des informations sur la structure locale de la phase 

amorphe ainsi que la phase cristalline, complétant les analyses XRD ou XAS.  
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Appendix 1 

Theoretical background of characterization 

techniques 

Optical characterization  

The optical characterization uses the interaction of material with electromagnetic radiation in 

the range of energies between 1.2 meV and 124 eV. This covers the range from Infrared (IR), 

Visible (VIS) to Ultraviolet (UV) spectral region (Fig. A1-1). The electromagnetic radiation 

(light) can be described by the wave-particle duality concept originating from quantum 

mechanics. This concept says that the light can exhibit the behavior of both a particle and a 

wave. Its particle behavior is represented by a photon, a quantum particle with no mass and no 

charge. Light as a wave is described in terms of continuous sinusoidal motion of coupled 

oscillating electric and magnetic fields (Fig. A1-2). Typically for IR and Raman spectroscopy, 

only the electric field component is considered and the magnetic field is neglected.  

 

 
Fig. A1-1: Frequency, energy and wavelength range of electromagnetic radiation (light) and the schematic 

representation of possible interaction between the light and matter [173].  

 
Fig. A1-2: The propagation of the electromagnetic radiation as a function of time (in z axis). The electric field 

component (E) is only taken into account in IR and Raman spectroscopy, while magnetic field component (H) is 

omitted [342]. 
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Considering only the electric field component of the electromagnetic radiation, the energy of 

the electromagnetic radiation is closely linked with the frequency and the speed of light in 

vacuum though the formula:  

 E =hν = h 
𝑐

𝜆
 (A1.1) 

Where h is Planck‘s constant, ν is frequency, c is speed of light in vacuum and λ is 

wavelength of the electromagnetic radiation. The energy is thus proportional to frequency and 

inversely proportional to wavelength. Another commonly used property is wavenumber (𝜈 ) 
representing the number of cycles an electromagnetic wave undergoes per unit of length. The 

wavenumber is the inverse of the wavelength:  

 𝜈  = 1/λ (cm
-1

) (A1.2) 

The interaction of light with matter results in light absorption, transmission or scattering 

(elastic or inelastic). The nature of the interaction depends on the physical, chemical and 

structural properties of the matter, as well as the intensity and energy of interacting light 

(photons). Upon the interaction and depending on the photon energy, different effects are 

generated in the matter causing energy changes (ΔE), related to the electronic (Eel), 

vibrational (Evib) and/or rotational (Erot) energies. In a first approximation, these energies are 

considered to be additive:  

 ΔE = Eel + Evib + Erot (A1.3) 

Photons with higher energy and shorter wavelength (i.e., from UV and VIS region) are more 

likely to interact with electrons of the outer shells of the matter and to excite them to higher 

energetic levels, leading to electronic transitions (Eel). On the contrary, photons with lower 

energy and higher wavelength (i.e., from IR region), are more likely to interact with the 

material lattice, yielding to molecular rotations (Erot) and vibrations (Evib) states. In the 

vibrational spectroscopies, only the changes in Evib are considered for the condensed states. 

IR and Raman spectroscopies are the most widely used techniques belonging to the group of 

vibrational spectroscopies, providing the specific information about a molecule, its structure 

and chemical environment 

IR and Raman spectroscopies are complementary techniques, in which some types of 

vibrations can be observed only by IR spectroscopy whilst others by Raman spectroscopy, 

whereas some types of vibrations can be observed by both techniques. The observation of 

different vibrational modes arises from the specific selection rules based on the different 

principles of these techniques, explained in the following. In order to understand the 

vibrational modes, the normal vibrations need to be discussed at first.  

Normal vibrations 

A set of motions of a molecule can be described as a number of internal degrees of freedom. 

A molecule with N atoms can provide 3N degrees of freedom in X, Y and Z axes. Three of 

the degrees represent a translational motion and three represent a rotational motion. Reduced 

by the number of these motions, the remaining 3N-6 degrees of freedom describe the 

vibrational modes of a non-linear molecule (3N-5 in case of linear molecule). These 

vibrational modes are also called normal vibrations or normal modes and include the motions 

with changes in the distance between atoms (stretching vibrations) or the angle between the 

bonds (bending vibrations) (Fig. A1-3). 
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Fig. A1-3: Schematic representation of normal stretching (symmetrical / assymetrical) and bending 

(in-plane / out-of-plane) vibrational modes. 

Although IR and Raman spectroscopies are based on different selection rules described 

below. The nature of the vibrational modes allows to define which vibrations are Raman 

or/and IR active. In general, symmetric and in-phase vibrations of non-polar bonds or groups 

are more easily studied by Raman spectroscopy, whilst asymmetric, out-of-plane and polar 

bonds or groups are better observed by IR spectroscopy. Moreover, Group Theory employing 

the symmetry elements (e.g., planes, axes) can help to determine IR-or Raman-active 

vibrational modes and approximate the idea of the vibrational spectra [177,342,343]. 

Infrared spectroscopy 

The infrared spectroscopy technique is based on the absorption process of the IR radiation. 

The interaction of the IR radiation with the molecules can be described in terms of a 

resonance effect, where the specific IR radiation frequency matches the frequency of a normal 

vibrational mode of the molecule. The energy of the IR radiation is absorbed only under the 

condition that the molecular vibration changes the dipole moment of the molecule (µ  ), which 

indicates a charge separation in a molecule. It is a function of the magnitude of atomic 

charges (qi) and their positions (𝑟𝑖   ):  

 µ  =  𝑞𝑖𝑟𝑖    (A1.4) 

The final dipole moment acts in the direction of the vector quantity. The dipole moment is 

derived from partial charges on the atoms, determined by molecular orbital calculations. In 

first approximation, the partial charges can be estimated from the electronegativity values of 

the atoms. Homonuclear diatomic molecules, such as N2 or O2 have no dipole moment; 

therefore, they are IR inactive. On the contrary, heteronuclear molecules (NO, CO, H2O) do 

have dipole moments and thus active IR vibrations (Fig. A1-4). In general, IR spectroscopy is 

suitable for the observation of polar groups and asymmetric vibrations of the molecules 

[173,176,177].  
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Fig. A1-4: Scheme of H20 molecule with indicated dipole moment and partial charges on the atoms. 

The IR range of the electromagnetic spectrum is divided into three regions:  

- Near-IR (~14 000 – 4 000 cm
-1

) 

- Mid-IR (~4 000 – 400 cm
-1

) 

- Far-IR (~400 – 10 cm
-1

)  

Absorption of the radiation from near-IR results in few broad spectral features, which are 

usually difficult to interpret. Moreover, these features often result from the overtones and the 

combinations of some fundamental vibrations of higher frequency modes from Mid-IR 

region. Near-IR region is used in UV-VIS-NIR spectroscopy for the measurements and 

calculations of optical parameters (e.g., optical bandgap) and for the determination of layer 

thickness. Mid-IR region is the most practically used in IR spectroscopy as it contains 

characteristic group frequencies, widely employed for compounds identification in organic 

chemistry. With increasing atomic weight of the atoms in the molecule, IR radiations with 

lower frequencies are absorbed. For such molecules, low wavenumber part of Mid-IR and 

Far-IR region are the most interesting.  

A typical IR spectrum is plotted as the transmittance (%T) or absorbance (A) as a function of 

the wavenumber (Fig. A1-5). The transmittance represents the percentage of light transmitted 

by a sample:  

 %T = 100 · I / I0 (A1.5) 

Where, %T is the transmittance in percent value, I is the intensity of sample spectrum and I0 is 

the intensity of background spectrum. The absorbance is related to the transmittance by the 

following formula:  

 A = -log (T) (A1.6) 

 

  

Fig. A1-5: An example of IR spectrum plotted in % transmittance (left) and absorbance (right) mode [177].  

The interest in IR spectroscopy rapidly increased in 1960s, when the first commercially 

available instrumentation was developed by Perkin-Elmer. Further major breakthrough in the 

IR spectroscopy instrumentation was reached owing to considerable advancement in the 
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computing system, resulting in the construction of Fourier-Transform IR (FTIR) 

spectrometers. A Michelson interferometer is used in the FTIR spectrometers to modulate the 

incident IR light prior to passing through the sample and the detected raw data are processed 

using the Fourier Transform (FT) algorithm [344].  

The FTIR spectrometer can be divided into three components (Fig. A1-6): IR source, 

interferometer and detector. The interferometer further includes a beamsplitter and two 

perpendicular planes of mirrors, from which one mirror is fixed and the other one is moving. 

The light from the IR source is collimated to the beamsplitter, where it is divided into two 

beams: 50 % of the light intensity is transmitted to the fixed mirror, whilst the other 50 % of 

the light intensity is reflected on the moving mirror. The reflected beams from both mirrors 

then return to the beamsplitter, where they interfere andpart of the light is sent towards the 

sample and the detector.  

 
Fig. A1-6: Diagram of FTIR instrumentation with Michelson interferometer[177].  

The two light beams divided on beamsplitter travel different path lengths due to the varying 

positions of the moving mirror, which is called mirror displacement (Δl). The difference in the 

distance between the beams reflected from fixed and moving mirrors is referred as optical 

path difference (δ). Mirror displacement Δl gives optical path difference δ = 2Δl as the light 

passes the displaced distance twice (on the way to and from the moving mirror). The two 

reflected beams recombine on the beamsplitter resulting in either constructive or destructive 

interferences for the beam further passing through a sample and the detector. Considering the 

IR source containing only single monochromatic wavelength λ, the two beams undergo the 

constructive interference, if δ equals an integral number of the wavelengths, i.e., δ = nλ (0, λ, 

2λ, …), and the destructive interference for the values δ with intervals of λ/2, 

i.e., δ = (n+1/2)/λ (Fig. A1-7). If the distances travelled by the two light beams is identical 

(i.e., Δl = 0), then δ = 0, which is called as zero path difference. The interferometer records 

the interferogram, i.e., the intensity of the phase-dependent interference as a function of 

optical path difference δ. Using a polychromatic IR source, the interferogram consists of a 

sum of the interferograms corresponding to each wavenumber of the IR source (Fig. A1-7). 

All the wavelengths will be in phase only at zero path difference, resulting in the 

interferogram containing a very strong center-burst (proportional to the total amount of IR 

light intensity from the source) and with the intensity falling rapidly on the interferogram 

sides (wings). In order to measure precisely the optical path difference, a He-Ne laser is used 

to follow the IR beam through the interferometer. 
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Fig. A1-7: (left) scheme of moving mirror displacement producing zero and non-zero optical path difference; 

(right) Interferogram of the polychromatic IR radiation showing high intensity center-burst and low intensity 

interferogram sides [177]. 

An IR source is based on the concept of black body radiation. Usually, an inert solid material 

is electrically heated to high temperature, when the heated material emits the IR radiation. 

The most common sources for Mid-IR region are resistively heated Globar (silicon carbide 

rod), Nernst glower (rare earth oxides) and nichrome or Kanthal wire coils. A high-pressure 

mercury lamp is a common source used for Far-IR region [177,344]. An ideal material for the 

beamsplitters should have a high refractive index. The principle is to cause a multiple internal 

reflection on parallel-sided thin layers of such material and thus to generate the interference 

fringes. Therefore, germanium or silicon are widely used elements. Ge thin layers are 

sandwiched between two IR transparent windows, usually made from KBr. A common type 

of detectors used in IR spectroscopy is based on deuterated triglycine sulfate (DTGS). This 

thermal detector works on the principle that its electrical polarization changes with 

temperature. The second type of the detectors is based on the interaction of the radiation with 

the electrons in a solid, exciting the atoms to higher energy states. Such detectors, usually 

called quantum detectors, are made with mercury cadmium telluride (MCT). Comparing to 

DTGS, the MCT detector is faster and less noisy, however, it suffers from lower spectral 

range and it must be cooled by liquid nitrogen (LN2) in order to minimize the noise generated 

by randomly emitted photons [177,344]. 

Raman spectroscopy 

In contrast to IR spectroscopy, Raman spectroscopy is based on the scattering mechanism. 

It is a two-photon inelastic event, in which the incident photon interacts with the molecule and 

loses part of its energy to enable the molecular vibration, yielding to a scattered photon with 

reduced frequency. The interaction between incident light and matter is not based on the 

principle of resonance as in IR spectroscopy, but involves the polarizability of the molecule 

and induces dipole moment (Fig. A1-8).  
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Fig. A1-8: Induced dipole moment originating from the oscillating electric field of the incident radiation [176].  

In the classical approach, the light scattering mechanism in described in terms of the 

interaction of the molecule with an electromagnetic field of the incident radiation. The electric 

field vector (E) of the electromagnetic wave oscillates in time (t) with the frequency (ν0):  

 𝐸  =  𝐸  0 𝑐𝑜𝑠(2𝜋𝜈0𝑡) (A1.7) 

The oscillating electric field (𝐸  ) can induce a dipole moment (µ  ) in the molecule, which is 

proportional to the electric field:  

 µ  =  𝛼   𝜈 ∙  𝐸   (A1.8) 

Where 𝛼  𝜈  is the polarizability of the molecule describing the deformability of the electron 

cloud of the molecule by an external electric field (i.e., the response of electron distribution to 

the nuclei movement of the molecule). The polarizability is a linear function of the nuclear 

displacement (q), dependent on the molecule vibrating frequency νm:  

 𝛼  𝜈 =  𝛼 0 𝜈0 +   
𝛿𝛼 

𝛿𝑞
 

0
∙ 𝑞 (A1.9) 

 q = q0 cos 2πνmt (A1.10) 

Where α0 is the polarizability in the equilibrium position and (δα/δq)0 is the rate of change of 

α with respect to the change of q. Combining the equations A1.7 – A1.10, the formula for 

induced dipole moment is obtained [176,184,345]:  

µ  =  𝛼 0𝐸  0 𝑐𝑜𝑠(2𝜋𝝂𝟎𝑡) +  
1

2
 
𝛿𝛼 

𝛿𝑞
 

0

𝑞0𝐸  0[𝑐𝑜𝑠 2𝜋𝑡 𝝂𝟎 + 𝝂𝒎  + 𝑐𝑜𝑠{2𝜋𝑡 𝝂𝟎 − 𝝂𝒎 }] 

  (A1.11) 

The right side of the equation A1.11 is composed by three terms corresponding to the 

polarizabilities that depend on different frequencies ν0,(ν0 + νm) and (ν0 – νm). The first term 

represents the scattering at which the frequency of the incident light remains unchanged. This 

type of scattering is referred to as elastic or Rayleigh scattering.The second and third terms 

describe the scattering, in which the frequencies are shifted from ν0 of the incident light by the 

frequency of the vibrating mode of the molecule νm. This type of scattering is called inelastic 

or Raman scattering. Only the molecular vibrations causing a change in polarizability are 

Raman-active. The Raman scattering is very weak process, far less probable compared to the 

Rayleigh scattering. Most of the photons of the incident light are scattered elastically, only 

10
-6

 of the incident light is scattered inelastically [177].  
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The scattering processes along with the IR absorption are illustrated by the corresponding 

energy-level diagram (Fig. A1-9). In case of IR spectroscopy, the transition between the 

electronic ground state and excited states (ν = 0 → ν = 1) is observed and the IR absorption 

achieves the state change in one step. On the contrary, the scattering is a two-photon process. 

The incident photon is temporarily absorbed by a transition from the ground state into 

so-called virtual states, which are well above the energy of the vibrational transition, but 

below the first electronic excited states. The transition back from the virtual states to the 

ground states results in scattered photons. In the case of elastic Rayleigh scattering, the 

frequency (hence the energy) of the incident light remains unchanged. For the Raman 

scattering, the frequency of the incident light is changed, giving rise to two possible energy 

shifts (Fig. A1-9). Molecules, which are initially at the lowest level on the ground state ν = 0, 

gain energy and are promoted to an excited state ν =1, i.e., (ν0 – νm), which is called as Stokes 

scattering. However, some molecules may be initially present in excited states ν = 1 (due to 

thermal energy) and lose energy while returning into the ground state ν = 0, i.e., (ν0 + νm), 

which is called as anti-Stokes scattering. The intensity ratio between the Stokes and the 

anti-Stokes Raman bands is ruled by temperature and energy difference between the 

vibrational states. Considering Maxwell-Boltzmann distribution law, the population of 

molecules at vibrational states ν = 0 is much larger that at ν = 1 under normal conditions, 

hence Stokes lines are stronger than anti-Stokes. Since both Stokes and anti-Stokes give the 

same information, usually only the Stokes side of the spectrum is measured [177,184].  

 

  
Fig. A1-9: (left) Schematic illustration of IR absorption, Rayleigh and Raman (Stokes and anti-Stokes) scattering 

processes; (right) Example of Raman spectrum showing both the Stokes and anti-Stokes region. The intensity of 

Rayleigh scattering is suppressed by a holographic notch filter [184]. 

The Raman instrumentation typically consists of laser excitation source, collection optics, 

spectral analyzer (monochromator or interferometer) and detector (Fig. A1-10). Since the 

Raman scattering is considerably weak, the laser beam must be properly focused and the 

scattered radiation efficiently collected. Two most common experimental configurations for 

collecting the Raman scattered radiations use 90° and 180° backscattering geometries. The 

collection systems are based on reflective and refractive optics [176]. In order to suppress the 

Rayleigh radiation, holographic notch filters are employed. A monochromator is used as the 

spectral analyzer in dispersive-based system. It consists of an entrance slit and the system of 

diffraction grating and focusing mirror, directing the dispersed radiation through the exit slit 

on a detector. Charge-Coupled Devices (CCD‘s) are commonly used as detectors. The choice 

of the collection optics and the detector type depends on the used laser excitation source and 

its wavelength.  
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Besides the dispersive system, Raman instrumentation using the Fourier Transform (FT) was 

developed. In such systems, the monochromator is replaced by an interferometer and InGaAs 

is usually employed as detector. The FT-Raman measurements typically use a Nd:YAG laser 

(i.e., Nd-doped yttrium aluminum garnet Y3Al5O12), which is a near-IR excitation source with 

a wavelength of 1064 nm. Indeed, the choice of the laser excitation source and its parameters 

(e.g. wavelength, power, density and laser exposure time) is essential for Raman 

spectroscopy, as already discussed in the chapter 2 (section 2.1.2). The advantage of 

FT-Raman spectroscopy is that it provides spectra without resonant enhancement and can 

reduce or even avoid interference phenomena (e.g., fluorescence). 

 

 
 

Fig. A1-10: Diagram of dispersive Raman instrumentation [346]. 

X-Ray diffraction 

The diffraction phenomenon generally occurs when the electromagnetic radiation (wave) 

encounters an obstacle or an aperture comparable in size to its wavelength. The wavelength of 

X-rays is comparable to the interatomic spacing of crystalline solids, thus making X-ray 

Diffraction (XRD) suitable to study the crystalline structure of materials. In particular, XRD 

allows identification of the crystal structure, determination of preferred orientation of a single 

crystal or grains in polycrystalline materials and can provide the information on size, shape 

and internal stress of small crystalline regions.  

Crystalline materials feature an ordered structure with a periodic lattice composed by the 

individual atoms, which can be imagined as the diffraction gratings. The incident X-ray waves 

are elastically scattered by the atoms of the periodic lattice, giving rise to constructive or 

destructive interferences and generating a diffraction pattern specific of the crystalline 

material (Fig. A1-11). The X-rays diffraction by a crystalline material is described by Bragg‘s 

law:  

 2 dhkl sinθ = n λ (A1.12) 

Where dhkl is the interatomic spacing, θ is the angle of the incident X-ray beam, λ is the 

wavelength and n is an integer number, also called as the order of the diffracted beam. The n 

express the path difference in terms of wavelength between the waves scattered by two 

different atomic planes. The Bragg‘s law is satisfied only for wavelengths λ ≤ 2d. In the XRD 

pattern of a crystalline phase, well-defined diffraction peaks are present at specific diffraction 

angles. On the contrary, the XRD pattern of an amorphous material shows a broad band 

extended over a large range of diffraction angles (Fig. A1-11). The orientation of the atomic 

planes in crystals is typically described by Miller indices (hkl), which may denote a single 
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plane or a set of parallel planes. When a plane does not intercept a vector, the Miller index is 

equal to zero. 

 

 

  

 
Fig. A1-11: (top) Schematic representation of (left) the Bragg’s law by the reflection from adjacent planes in a 

crystal and (right) crystalline planes of simple cubic lattice with associated Miller indices; (bottom) XRD 

patterns of (a) crystalline and (b) amorphous materials [347,348].  

The results of diffraction techniques consist of some form of representation in the reciprocal 

space. The concept of direct (real) and reciprocal spaces needs to be understood in order to 

analyze the acquired data and to describe the material properties. In general, features seen in 

reciprocal space result from Fourier Transformation of the features from direct space. Hence, 

the particular set of planes (hkl) in direct space corresponds to a particular point (hkl) in 

reciprocal space. Also, the d-spacing (dhkl) in direct and reciprocal spaces has the inverse 

relationship [349]:  

 𝑔 ℎ𝑘𝑙 =  
2𝜋

𝑑ℎ𝑘𝑙
 (A1.13) 

where 𝑔 ℎ𝑘𝑙  is the reciprocal lattice vector. The reciprocal space is commonly described by 

using the concept of the Ewald‘s sphere [173,349]. The inverse relationship between both 

spaces is the crucial aspect of the diffraction techniques. Hence, broad diffraction peaks 

correspond to small coherent volumes (e.g. grain sizes) in the direct space and vice versa. 

Moreover, peaks observed at small diffraction angles correspond to large d-spacing in direct 

space.  

XRD diffraction can provide a wide set of information about the crystalline phase of the 

material. The positions and the intensities of the diffraction peaks allow the identification of 

the crystalline phase by comparison with PDF cards in a database. Once the crystalline phase 

is identified, the diffraction angle and the calculated d-spacing are used to determine the 
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lattice constants, i.e, lengths a, b, c and angles α, β, γ of the unit cell. The peak FWHM can be 

used to calculate the average crystallites size by the Scherrer‘s equation (section 2.1.3).  

X-ray diffractometers are most widely based on the Bragg-Brentano focusing geometry or its 

variations (Fig. A1-12). In this configuration, the X-ray source and the detector are located at 

the intersection points of the goniometer and the focusing circle, while the sample is placed in 

its center. The goniometer radius is fixed, whilst the radius of the focusing circle radius varies 

with the goniometer angle [350]. The incident X-ray beam passes through the Soller slits in 

order to reduce the angular beam divergence. The second set of Soller slits is placed between 

the sample and the detector in order to collimate the diffracted beam before reaching the 

detector. Moreover, an additional slit (also called β-filter) can be added to reduce the 

background scattering. A sealed vacuum tube with tungsten filament as a cathode is used for 

the X-ray source. The heated cathode emits electrons, which are accelerated towards the 

metallic anode, typically Cu, Al, Mo or Mg. The electrons deaccelerate when hitting the 

anode, generating the X-ray radiation. The X-ray radiation is composed by two types: 

Bremsstrahlung, which generates a continuous spectrum, and characteristic X-rays, resulting 

from electron recombination induced in the atoms of the metallic anode and providing an 

emission spectrum with discrete frequencies (particular for the element of the anode material). 

These characteristic X-rays are the one used to perform the XRD measurement. 

The incident beam and the diffracted beam form the angle 2θ, whilst the incident beam and 

the sample form the angle ω. In a typical configuration, the angle ω is given to be ½ of the 

detector angle 2θ, i.e.ω = θ. The usually used setup then operates in the θ-2θ scan mode, in 

which the X-ray source is fixed whereas the sample and the detector rotate with a rate θ/min 

and 2θ/min, respectively. The θ-θ scan mode is also possible. In this case, the sample is fixed 

and both X-ray source and detector rotate with a rate θ/min. Depending on the goniometer 

construction, other rotation movements of the angles ω,  and  can be also provided. Whilst 

ω is associated with the angle between the incident beam and the sample, the angles  and  

are associated with the sample rotation. Such sample rotations allow analyzing the texture or 

the microstrainin the material crystalline structure [173,203,222].  

 

 
 

Fig. A1-12: Diagram of Bragg-Brentano configuration of XRD measurements. 
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Appendix 2 

N content quantification in GeN alloys 

Table A2-1: Comparison of N content quantification in GeN layers by WDXRF and IBA techniques. 

Composition 
Ge (at. %) N (at. %) 

WDXRF IBA WDXRF IBA 

Ge 99.2 100.0 0.8 0.0 

GeN 10 sccm 73.9 71.2 26.1 28.8 

GeN 25 sccm 56.1 51.3 43.9 48.7 

GeN 30 sccm 53.6 48.6 46.5 51.4 

GeN 40 sccm 50.8 43.6 49.3 56.4 

GeN 50 sccm 49.7 44.5 50.1 55.5 
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Appendix 3 

IR and Raman spectra deconvolution of 

elemental systems 

N-doped Ge 

The fitted IR spectrum of GeN 10 sccm layer is presented in Fig. A3-1. The spectrum features 

two main bands with maxima at 690 cm
-1

 and 300 cm
-1

. The bands are assigned to the 

asymmetric stretching and disorder-induced breathing vibrational mode of Ge3N structural 

unit, respectively. The bands contributions and their positions are listed in Table A3-I for all 

the investigated GeN layers.  

While the GeN 1 sccm layer can be fitted only with one contribution for each band (νs and νb 

with maxima at ~680 cm
-1

 and 275 cm
-1

, respectively), secondary contributions νs‘ and νb‘ are 

added to the both bands as the N content in the layer increases, reaching maxima at νs‘ 

~750 cm
-1

 and νb‘ ~390 cm
-1

. They are assigned to the disorder-induced modes of the Ge3N 

group caused by the presence of more neighboring Ge-N bonds as the N content increases. 

These additional contributions shift in position to higher wavenumbers with the N content. 

Furthermore, the integrated area of the present bands contributions was calculated. For the 

most intense band in IR spectrum, the integrated area of the additional contribution 

(νs‘ ~750 cm
-1

) increases with the N content with respect to the integrated area of the main 

contribution (νs ~680 cm
-1

). In the case of the band at 300 cm
-1

, the peak area ratio keeps in 

values from 0.7 to 0.96. The contribution at 520 cm
-1

 is added to ensure the proper fit of the 

IR spectrum.  

 

 
Fig. A3-1: Fit of the IR spectrum of GeN 10 sccm layer. 
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Table A3-I: Position and integrated area ratio of the contributions in the IR spectra of GeN layers. 

IR spectroscopy 

GeN layer 

MIR FIR 

Peak position 

(cm
-1

) 

Peak area 

ratio  

(νs’ / νs) 

Peak position 

(cm
-1

) 

Peak area 

ratio  

(νb’ / νb) 

 νs νs’  νb νb’  

GeN 1sccm 686 / / 275 / / 

GeN 2sccm 681 748 0.058 275 / / 

GeN 5sccm 681 772 0.073 277 / / 

GeN 10sccm 671 772 0.346 275 390 0.761 

GeN 20sccm 671 778 0.517 288 393 0.969 

GeN 30sccm 676 776 0.568 290 390 0.837 

GeN 40sccm 681 781 0.588 290 395 0.926 

 

N-doped Sb 

Fig. A3-2 and Fig. A3-3 show the fitted IR and Raman spectra of SbN 10 sccm layer. The IR 

spectrum features three main bands with maxima at ~600 cm
-1

, ~275 cm
-1

 and ~150 cm
-1

. The 

most intense band at 600 cm
-1

 is formed by two contributions ν1 and ν2. Considering the 

analogy with previously described GeN layers, the main contribution ν1 at ~560 cm
-1

 can be 

likely assigned to the vibrations of the Sb-N structural unit and the additional contribution ν2 

at ~630 cm
-1

 to the disorder induced vibrational modes of the same unit. The ν2 contribution 

shifts to higher wavenumbers and the integrated area ratio ν2 / ν1 of these contributions 

increases with N content in favor of this additional contribution ν2. The positions of the band 

contributions and the integrated area ratio for all the investigated SbN layers are listed in 

Table A3-II. 

The fit of the Raman spectrum highlights several contributions to the main band in the low 

wavenumber range (100-250 cm
-1

). The position of the Raman band contributions are listed in 

Table A3-II. We can distinguish two main contributions related to the Sb: A1g and Eg 

vibrations respectively at 150 cm
-1

 and 120 cm
-1

 (for a better fit, the Eg contribution is 

composed by two bands at 118 cm
-1

 and 109 cm
-1

). These contributions are significantly 

broadened as a result of the lack of long range order in the layer due to N-doping. The 

contribution at ~130 cm
-1

, likely related to the broadening of the Sb modes, needs to be added 

to achieve a good fit. For SbN 10 sccm and SbN 20 sccm, an additional contribution at 

~170 cm
-1

 appears, which can be likely assigned to the vibrational mode of Sb-N bonds, as 

observed from the simulated Raman spectra (Fig. 3.11). This contribution shifts to higher 

wavenumbers and increases in intensity with the N content.  
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Fig. A3-2: Fit of the IR spectrum of SbN 10 sccm layer. 

 
Fig. A3-3: Fit of the Raman spectrum of SbN 10 sccm layer. 

Table A3-II: Position and integrated area ratio of the contributions in the IR spectra of SbN layers. 

IR spectroscopy 

SbN layer 

Peak position 

(cm
-1

) 

Peak area ratio 

(ν2/ν1) 

ν1 ν2 ν3 ν4  
SbN 2sccm 566 625 275 150 0.239 

SbN 10sccm 563 645 282 153 0.448 

SbN 20sccm 558 647 283 156 0.578 
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Table A3-III: Position and integrated area ratio of the contributions in the Raman spectra of SbN layers. 

Raman spectroscopy 

SbN layer 

Peak position 

(cm
-1

) 

Peak area ratio 

(Sb-N / Sb(A1g)) 

Sb (Eg) a-Sb Sb (A1g) Sb-N  

SbN 2sccm 122 133 150 / / 

SbN 10sccm 118 132 150 168 0.272 

SbN 20sccm 119 131 150 170 0.556 

 

N-doped Te 

The IR spectrum of TeN 10 sccm (Fig. A3-4) features several contributions in the range from 

100 cm
-1

 up to 900 cm
-1

. Two bands at ~90 cm
-1

 and ~150 cm
-1

 are assigned to the c-Te 

vibrations, whose intensity is highly reduced in N-doped Te. The broad band with the 

contributions at ~315 cm
-1

, ~450 cm
-1

 and ~570 cm
-1

 are likely related to the vibration modes 

of Te-N. Low intense contributions can be added at higher wavenumbers, 635 cm
-1

 and 

730 cm
-1

, which can be assigned to the Te-O vibration modes. These vibrations were mainly 

observed in undoped Te layers, however, their contribution is evident also in TeN 10 sccm 

and TeN 20 sccm layers. The presence of Te-O contributions in N-doped Te, suggests that 

these layers may tend to oxidation despite the in-situ capping layer, or to absorb the residual 

oxygen in the deposition chamber before the capping. The IR data are listed in Table A3-IV. 

Fig. A3-5 shows the fit of the Raman spectrum of TeN 10 sccm layer. The A1 and E2 

vibrational modes of Te are present in all N-doped samples. The peaks are slightly broadening 

with increasing N content. An additional contribution at ~150 cm
-1

, assigned to the vibrational 

modes of amorphous Te, appears in TeN 10 sccm and TeN 20 sccm layers. The integral area 

of this contribution increases in particular in TeN 20 sccm layer. In this layer, the ratio 

between the A1 and E2 modes significantly decreases (see inset of Fig. A3-5), indicating the 

impact of N-doping on the intensity of E2 mode, which is related to the inter-chain bonding of 

the crystalline Te structure.  

 
Fig. A3-4: Fit of the IR spectrum of TeN 10 sccm layer. 
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Fig. A3-5: Fit of the Raman spectrum of TeN 10 sccm layer. Inset: relative intensity ratio between the E2 and A1 

modes with increasing N2 flow. 

Table A3-IV: Position of the band contributions in the IR spectra of TeN layers. 

IR spectroscopy 

TeN layer 
Peak position 

(cm
-1

) 

 Te Te-N Te-O 

 
A2 / E1 E2 ν1 ν2 ν3 ν4 ν5 

Te 90 149 / / / 635 728 

TeN 2sccm 89 149 568 / / / / 

TeN 10sccm 90 149 568 451 315 632 730 

TeN 20sccm / 150 567 450 319 633 729 
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Fig. A3-6: IR spectrum (4000 – 100 cm

-1
) of TeN 20 sccm layer, highlighting the IR bands assigned to O-H, N-H 

and N-O vibrations in the region from 4000 to 1000 cm
-1

 (closer view presented in the inset) , demonstrating the 

oxidations effect (i.e., layer degradation). 
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Appendix 4 

“Ab initio” simulations of elemental nitrides 

The “ab-initio” simulations of different nitrides structures of Ge, Sb and Te systems are 

shown in this section. The ideal nitride structures of each system were taken from Materials 

Project [351,352]. Both IR and Raman spectra of simulated nitride structures are compared 

with those of as-deposited N-doped Ge, Sb and Te layers (gray line in the graphs) deposited 

with the N2 flow of 10 sccm. The name of the nitride structure showing the most suitable 

match between the simulated and experimental spectra and presented in the section 3.5 of 

the chapter 3 is highlighted by box frame.  

IR and Raman spectra simulations of Germanium nitrides structures 

 
Fig. A4-1: IR and Raman spectra simulations of Germanium nitrides structures. 

IR and Raman spectra simulations of Antimony nitrides structures 

 
Fig. A4-2: IR and Raman spectra simulations of Antimony nitrides structures. 
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IR and Raman spectra simulations of Tellurium nitrides structures 

 
Fig. A4-3: IR and Raman spectra simulations of Tellurium nitrides structures. 
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Appendix 5 

Raman spectra deconvolutions of GST 

alloys 

Raman spectra fit of Ge2Sb2Te5 

The fit of Raman spectrum of as-deposited GST225 (Fig. A5-1) highlights the presence of the 

dominant contribution at 154 cm
-1

 assigned to A1g
2
 vibrational mode of Sb-Te bonds in SbTe3 

pyramidal units, accompanied by contributions at 124 cm
-1

 and 220 cm
-1

. These two 

contributions are assigned to the Ge-Te vibrational modes, in particular to the A1 vibration 

mode of corner-sharing tetrahedra GeTe4-nGen (n = 1, 2) and the vibrational mode of GeTe4 

tetrahedral units, respectively [179,212]. In as-deposited GST225, a low intense contribution 

at 110 cm
-1

 is added for the better fit of the spectra, contributing to the intensity of the band at 

124 cm
-1

. Therefore, this contribution is also assigned to Ge-Te vibrational modes.  

The fit of Raman spectrum of GST225 layer annealed at 400 °C (Fig. A5-1) features the two 

contributions at 124 cm
-1

 (Ge-Te modes) and 154 cm
-1

 (Sb-Te modes), however, the dominant 

contribution appears at 174 cm
-1

 and it is assigned to the vibrational modes of Sb-Te bond in 

structural arrangement characteristic for GST225 hexagonal phase. The intensity of Sb-Te 

modes at 154 cm
-1

 is significantly reduced, giving rise to the additional contribution at 

160 cm
-1

. Considering the analyses of GeTe films, this contribution can be likely assigned to 

an additional A1 mode of GeTe4-nGen (n = 0, 1, 2) edge-sharing tetrahedra. A considerable 

separation is achieved for the contribution at 110 cm
-1

, previously ascribed as the additional 

contribution to Ge-Te modes at 124 cm
-1

. In annealed GST225, this contribution could, 

however, also results from Eg
2
 vibrational mode of Sb-Te bonds, as the structure is 

crystallized and Sb-Te vibrational modes are enhanced, forming the dominant structural units 

in the alloy.  

 

  
Fig. A5-1: Raman spectra fit of as-deposited (AD; left) and annealed (400 °C, right) Ge2Sb2Te5 alloy, showing 

the contributions of main vibrational modes assigned to Sb-Te and Ge-Te bonds.  
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Raman spectra fit of GexGST alloys 

Raman spectroscopy analyses at low wavenumbers were performed on as-deposited and 

annealed (350 °C) layers of Ge15GST, Ge35GST and Ge55GST in order to investigate the 

origin of the peak observed at ~110 cm
-1

. The laser excitation source with the wavelength of 

514 nm was used.  

The narrow peak at ~110 cm
-1

 was observed in the Ge-rich GST layers highly enriched in Ge 

content. As can be observed from the spectra of as-deposited and annealed layers of Ge15GST 

(Fig. A5-2a and Fig. A5-2b), which is the closest composition to the stoichiometric GST225 

among the studied layers, there is no evidence of such a peak. On the contrary, the spectra of 

as-deposited layers of Ge35GST and Ge55GST (Fig. A5-2c and Fig. A5-2e) feature a narrow 

and very intense contribution at this wavenumber. Moreover, the relative intensity of this 

contribution compared to the main peak of the spectra at ~150 cm
-1

 (Sb-Te modes), increases 

with Ge content in the layer, whilst the vibrational modes of Ge-Te bonds are significantly 

reduced.  

Owing to the comparison with the Raman spectrum of Sb2Te3 binary alloy [353–359], the 

contribution at ~110 cm
-1

 can be most likely attributed to the Eg
2
 vibrational mode of Sb-Te 

bond. The appearance of this mode is probably related to the increasing Ge content in the 

layer. Ge-rich GST alloys with lower Ge enrichment (e.g., Ge15GST) are close in composition 

to the stoichiometric GST225, in which the formed structural units correspond to those of 

later GST225-fcc crystalline structure. On the contrary, the increase of Ge content introduces 

more disorder in the amorphous as-deposited layers. Note that for Ge55GST, the global Ge 

content reaches more than 60 at.% of layer composition. Although the as-deposited layer is 

homogeneous, large regions of Ge atoms enclose the SbTe structural units, which become 

more separated. Therefore, other vibrational modes of SbTe units, similar to those in Sb2Te3 

alloys, can be likely enhanced.  

While increasing the annealing temperature, the reorganization of the Ge-Te bonds around 

stable SbTe units leads to the formation of the GST crystalline phase and hence to the 

reduction of the described Eg
2
 mode. This phenomenon can be observed in Fig. A5-2d 

and Fig. A5-2f, where the intensity reduction and complete disappearance of the peak at 

110 cm
-1 

can be observed as the broad band 50 – 190 cm
-1

 reaches the form corresponding to 

that of GST225-fcc crystalline phase.  

The broad band with the maxima at ~79 cm
-1

 in the Raman spectra of Ge35GST and Ge55GST 

as-deposited layers is assigned to TA-like mode of a-Ge [360]. This mode later disappears as 

the Ge phase crystallizes, as observed in Fig. A5-2f.  
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Fig. A5-2: Low wavenumber region Raman spectra of GexGST layers: a) as-deposited Ge15GST, b) Ge15GST 

annealed at 350 °C, c) as-deposited Ge35GST, d) Ge35GST annealed at 350 °C, e) as-deposited Ge55GST, f) 

Ge55GST annealed at 350 °C. 
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