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Abstract— Phase change materials are among the most 
promising compounds in information technology. They can be 
very rapidly switched between the amorphous and the crystalline 
state, indicative for peculiar crystallization behaviour. Phase 
change materials are already employed in rewriteable optical 
data storage, where the pronounced difference of optical 
properties between the amorphous and crystalline state is used. 
This unconventional class of materials is also the basis of a 
storage concept to replace flash memory.  This talk will discuss 
the unique material properties which characterize phase change 
materials. In particular, it will be shown that the crystalline state 
of phase change materials is characterized by the occurrence of 
resonant bonding, a particular flavour of covalent bonding. This 
insight is employed to predict systematic property trends and to 
develop non-volatile memories with DRAM-like switching speeds 
potentially paving the road towards a universal memory.  Phase 
change materials do not only provide exciting opportunities for 
applications including ‘greener’ storage devices, but also form a 
unique quantum state of matter as will be demonstrated by 
transport measurements. In this talk, potential limits of phase 
change memories in terms of switching speed, scalability and 
power consumption will be discussed. 
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In the on-going investigation of higher chalcogenides, i.e. 
compounds containing sulphur, selenium or tellurium 
remarkable material characteristics were discovered. Some of 
these chalcogenides can be rapidly and reversibly switched 
between the amorphous and crystalline state (phase change 
materials) [1]. Crystallization is accompanied by a pronounced 
change of electronic properties such as electrical resistivity as 
well as optical reflectance. Especially this latter finding is 
highly unusual. Recently we could demonstrate that the change 
in optical properties is related to a change of bonding upon 
crystallization. While amorphous phase change materials are 
characterized by ordinary covalent bonding, crystalline phase 
change materials utilize resonant bonding [2]. This bonding 
mechanism is only possible in solids which employ their p-
electrons for bonding and are neither too ionic nor show a 
strong hybridization of the s- and p-electron valence states. 
This insight has enabled the first ‘treasure’ map for phase 
change materials, which is depicted in Figure 1 [3,4]. Phase 
change materials, denoted by green dots, are found as expected 
for those chalcogenides, which possess a low ionicity and 
small s-p hybridization. Nearby compounds are found with 
other exciting transport properties, such as superconductors, 

thermoelectrics and even topological insulators [5]. The close 
vicinity of several classes of materials with remarkable 
transport properties for both electrons and phonons is due to 
the extraordinary bonding in these compounds. This leads to a 
number of characteristic and unique material properties such as 
high static and optical dielectric constants causing very weak 
electron-electron correlations [6], strong electron – phonon 
coupling important for superconductivity [4] and special 
electronic band structures enabling topological insulators [5]. 
Hence, these chalcogenides clearly demonstrate very 
interesting transport properties, which are crucial for a number 
of existing and emerging applications of these materials. These 
properties are very important regarding the application 
potential in non-volatile phase change memories. 

In this presentation, two major issues will be addressed: 
How can we relate the material properties to the resulting 
characteristics of the electronic memories? What are potential 
limits for electronic memories based on phase change 
materials? In this regard, the most important limits are related 
to the highest possible switching speeds, the smallest possible 
cell sizes and the lowest powers required to write, erase and 
read information. 

 
Fig. 1. Map for numerous compounds with an average number of 3 p-
electrons per site. A wide variety of chalcogenides is shown which differ in 
their tendency towards hybridization (‘covalency’) and ionicity. Bands of 
sulphides, selenides and tellurides are clearly discernible. Phase-change 
materials, marked by green circles, are all localized in the lower left corner of 
the map. In their close vicinity, other classes with interesting properties are 
found, which include Thermoelectric Materials (orange), Superconductors 
(blue) and Topological Insulators (red circles). This is evidence that tellurides 
possess very interesting and technologically important electronic properties 
(from [4]). 
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In recent years, significant progress has been reported 
regarding improvements to reduce the switching time of phase 
change memories. Such a result is reported in figure 2, where 
switching in less than 6 ns is found [7]. With such switching 
speeds, it is possible to realize DRAM-like functionalities in a 
non-volatile memory, at least regarding the data transfer rates. 
Even shorter switching speeds have been reported, when 
optimized pulse shapes are utilized, where the phase change 
material is pre-annealed prior to the crystallization pulses. 
Then, even sub-ns switching becomes possible [8]. Equally 
impressive improvements have been reported regarding the 
reduction in cell size. Earlier work from IBM had 
demonstrated that very thin films down to a thickness of 4 nm 
can be successfully switched [9]. In 2010, Samsung reported 
working memory cells with a size of 7.5×17.5 nm [10]. This 
small cell size presents a significant improvement over the 
present state of the art for both DRAM and Flash memories 
and is indicative for the high scaling potential of phase change 
memories. Hence, both in terms of scaling and speed phase 
change memories can compete very well with other emerging 
memories and the existing memories such as Flash and 
DRAM. This raises the question if it will also be possible to 
reduce the necessary powers to read, write and erase 
information. Since it is necessary in phase change materials to 
produce an amorphous region, phase change materials have to 
be heated above the melting temperature. This process is rather 
energy consuming. Therefore, recent findings of a switching 
mechanism, which does not include local melting and can be 
realized with significantly lower powers, have created high 
hopes and expectations [11]. In particular, for superlattices of 
chalcogenides with tailored thicknesses very significant 
reductions in power consumption for the switching process 
have been reported. The implications of these findings for the 
future development of phase change memories will be 
discussed. 

 

Fig. 2. Cell resistance after application of set pulses with different amplitude 
and length, each starting from the amorphous reset state. The color of each 

data point represents the cell resistance after the test pulse. For pulses longer 
than 4 ns a broad crystallization window opens between 1.0 and 1.5 V. 
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