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Executive Summary 
 

Carbon offers an exciting route to the realisation of future generations of high-performance, 
cost-effective, environmentally-friendly, resistive-switching type non-volatile data storage. 
Scalability to the molecular level, sub-nanosecond switching time, ultra-low power operation, 
environmental stability, environmental friendliness, simple memory structures, advanced 
functionality and cost-effectiveness are all features readily provided by carbon-based data 
storage materials. 
 
The project CareRAMM (Carbon Re

  

sistive Random Access Memory Materials) aims to 
develop advanced carbon-based resistive switching materials, based on amorphous carbon, 
graphene and graphene-oxide films, for next generation non-volatile data storage 
applications. It also pursues new materials concepts that potentially offer enhanced 
performance, in particular 'all carbon' materials combinations and structures 
(e.g. graphene/a-C/graphene).  
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Introduction to CareRAMM –  
Carbon Resistive Random Access Memory Materials  

 
An FP7 NMP Project led by the University of Exeter and in collaboration with IBM Research 

Zurich, RWTH-Aachen, University of Cambridge and ISSP-Sofia 
 
 
A study by the International Data Corporation estimated that the amount of data stored 
globally in 2010 amounted to around 1000 Exabytes (1021 bytes), by the end of 2011 it was 
some 1,800 Exabytes, and by 2015 an enormous 8000 Exabytes of stored data is likely to 
exist. This 'explosion' in data storage requirements reflects the fact that ICT applications and 
digital devices are found in all aspects of our daily life, from business to security to medicine 
to transport to education to leisure etc.. However, current data storage technologies are 
facing technological barriers to progress in terms of achievable storage densities, power 
consumption and data rates (e.g. scaling limits in CMOS Flash memories, super-
paramagnetic limits in magnetic disk storage). In this context the time is ripe for intensive 
research and development of alternative data storage materials and concepts.  
 

The increasingly important flexible electronics sector is also not one that is easily addressed 
using currently available memory materials concepts. The global market for flexible, printed 
and thin-film electronics is currently estimated to be around $5 billion, but predicted to grow 
enormously to over $60 billion by 2022. A key element of virtually all modern electronic 
systems is memory and for flexible electronics applications, memories capable of 
implementation in a flexible format are thus essential.  
 

It is in this context that carbon materials offer an exciting route to the realisation of future 
generations of high-performance, cost-effective and environmentally friendly non-volatile 
data storage, suited to both 'conventional' and flexible electronics applications.  Scalability to 
the molecular level, sub-nanosecond switching time, ultra-low power operation, 
environmental stability, environmental friendliness, simple memory structures, advanced 
functionality, cost-effectiveness and compatibility with CMOS processing are all features 
readily provided by carbon-based data storage materials. In the form of graphene-based 
materials, carbon also offers a particularly attractive route to the provision of memory 
formats well-suited to the increasingly important flexible electronics arena. Graphene can 
also provide an extremely versatile electrode material for use in memory structures. 
 

In the CareRAMM project we focus on the exploration and development of next-generation 
data storage/memory materials via two main carbon-based routes, namely: 
 

i. thin films of (sp3-rich) amorphous carbon (a-C) for the provision of high-performance 
non-volatile memories 

ii. graphene-based materials in the form of graphene-oxide (GO) for the provision of 
non-volatile memories which are additionally suited to flexible electronics 
applications. 

The non-volatile storage mechanism in these materials that we investigate involves electrical 
modification of electrical conductivity, commonly referred to as ‘resistive switching’. The 
exact physical mechanism responsible for this resistive switching in carbon materials is not 
clear, with sp2 filamentation, sp2 clustering, metal filamentation and interfacial redox 
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reactions all being implicated in the literature for various material and electrode 
configurations.  The process of sp2 filamentation involves a bond re-organisation in which 
‘strands’ of relatively high-conductivity sp2-bonded carbon form in a surrounding sp3 rich 
‘matrix’. A switching mechanism driven by such a bond-reorganisation process offers 
exceptional scaling potential, since ultimately it is a localised ‘molecular’ process. Bond re-
organisation can also be a very fast process, so ultra-fast switching in carbon is also a 
realistic possibility. Pure sp2 and sp3 carbon forms (graphite and diamond) are 
thermodynamically stable, so carbon also has the potential for long and stable data lifetimes. 
Additional functionality is also an attractive feature of carbon-based memories. For example, 
by using graphene, specifically in this project graphene oxide (GO), we open up the route for 
memories on flexible substrates, a key building block to enable the success of flexible 
electronics. Carbon-based resistive memories should also offer the capability for multi-level 
storage and ‘memristive-like' behaviour, as seen in other resistive memory materials. Multi-
level storage allows for the storage of more than one bit per cell, so increasing data storage 
densities, while memristive-like behaviour can be exploited to provide a remarkable range of 
signal processing/computing-type operations, including implementing logic, providing 
synaptic and neuron-like 'mimics', and performing, in a very efficient way, analogue signal 
processing functions (such as multiply-accumulate operations). 
 

Carbon offers exciting technical capabilities as a data storage and memory material. There 
are also compelling environmental reasons that make carbon an attractive proposition; it is, 
for example: 
 

• Non toxic (to persons or the environment) 
• Not reliant on rare mineral extraction (and the knock-on environmental problems) 
• Expected to have relatively easy 'end of use' disposal/recycling  
• Expected to offer low (total) energy of production (compared to other electronics 

materials) 
 

In summary, the general aims of the CareRAMM project are to develop advanced carbon-
based resistive switching materials for next generation non-volatile data storage 
applications.  
Our primary scientific and technical goals are: 
 

• To fabricate and characterise a-C and GO films for resistive memory applications 
• To determine the nature and origin of resistive switching in such a-C and GO films 
• To determine the nature and role of any contact effects  
• To determine the ultimate scalability – dimensionally, temporally and in terms of 

energy – of such resistive switching 
• To determine the expected limits of endurance (cyclability), lifetime and operating 

temperatures and, in the case of GO-based materials, suitability for flexible electronics 
applications 

• To explore 'additional functionality' (i.e. multi-level resistance and memristive 
properties) capabilities 
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To ensure we reach these goals our plan is to: 
 

• Fabricate and characterise, both from fundamental and applications perspectives, a 
range of sp3 rich a-C films on Si substrates 

• Fabricate and characterise, again from fundamental and applications perspectives,  a 
range of GO films on both rigid (Si) and flexible (e.g. polyimide, PET) substrates 

• Fabricate patterned 'all-carbon' based a-C based memory structures (such as 
graphene/sp3-rich a-C/graphene) and determine their switching mechanisms and 
ultimate performance limits 

• Fabricate patterned GO-based memory structures on both flexible and rigid 
substrates and determine their switching mechanisms and ultimate performance 
limits 

• Fabricate materials/memory structures with a range of contact materials, including 
pristine and doped graphene electrodes for use with a-C films and both 'inert' and 
'diffusive' metals for use with GO films 

• Employ a range of nanoscopic characterisation tools for probing behaviour on the 
atomic scale (e.g. atom-probe microscopy, HRTEM with 0.05 nm resolution) 

• Develop physically-realistic theoretical models and computer simulation tools to gain 
a proper understanding of, and explanation for, resistive switching processes and 
contact effects in a-C and GO-based materials, and to aid in the design and 
optimisation of improved materials and structures. 
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CareRAMM partners 
 
To realise our objectives we bring together academic and industrial partners with 
internationally leading expertise covering all aspects of the proposed work: 
 

• Exeter is led by Prof C David Wright whose research interests lie in the area of  data 
storage materials, devices and systems. The group brings expertise in the fabrication 
of graphene materials and devices   and their electrical characterisation to the study 
of GO resistive memory materials, expertise in C-AFM characterisation of memory 
materials and structures, as well as expertise in electro-thermal and phase-change 
modelling. 

• The IBM teams bring to the consortium invaluable technical expertise in storage 
materials evaluation and ab-initio materials simulation, and the needed industrial 
perspective of the requirements for the development of practicable storage materials 
and systems. Furthermore, the team is proficient with the use of a broad spectrum of 
characterization equipment, such as custom-made conductive-AFM setups, a 
cryogenic probe station, high-speed testers for data storage materials, electrical 
characterization setups for small memory cell-arrays etc. They also have in-house 
dedicated access to massively parallel supercomputers (~100 Tflops) – a key 
resource to perform realistic simulations of atomistic material behaviour. 

• The group from RWTH Aachen (led by Prof Matthias Wuttig) brings leading expertise 
in the nanoscale characterisation of data storage materials, and in understanding and 
characterizing the links between electrical, structural and compositional properties of 
storage materials. Aachen will exploit its expertise in electrical transport 
measurements to help understand the switching mechanisms in a-C and GO-based 
materials. Aachen is primarily responsible for nanoscale structural and compositional 
investigations of a-C and GO films and structures and for detailed electrical transport 
measurements in a-C and GO films. 

• The University of Cambridge is renowned as one of the top universities in the world. 
The Department of Engineering at Cambridge has an equally renowned reputation in 
the field of thin-film carbon materials. Professor Ferrari, who leads the Cambridge 
Graphene Centre (CGC), has extensive expertise in the growth and characterization 
of carbon thin fims, graphene and other carbon materials (e.g. carbon nanotubes) 
and is also a world-leading expert in Raman spectroscopy, which is a powerful tool to 
probe bonding configurations, sp3 content, sp2 clustering, etc. in a-C films. The CGC 
has state-of-the-art facilities for the growth of amorphous, nanostructured and 
diamond-like carbons, as well as the growth and preparation of a variety of graphene 
and graphene materials. The CGC has both single-bend and double-bend Filtered 
Cathodic Vapour Arc (FCVA) deposition systems, with extensive experience of 
producing high-quality a-C films The CGC is primarily responsible for the fabrication 
of a-C and GO films and the detailed characterisation of their structural properties by 
Raman spectroscopy and C-AFM. 



8 
 

• ISSP is led by Dr Tania Tsvetkova whose research interests are in ion beam 
applications to data storage materials, with over 60 journal and conference papers in 
this area. Dr Tsvetkova is leading the design, execution and results analysis for all 
ion-beam implantation experiments in CareRAMM. 
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Results of the first year 
 

Carbon Materials for Next-Generation Data Storage 
 
Amorphous carbon (a-C) and graphene-oxide 
(GO) films were fabricated. a-C films with high 
sp3 content (tetrahedral amorphous carbons, 
ta-C), were deposited by filtered cathodic 
vacuum arc (FCVA) (see Figure 1). In an FCVA 
system an arc is struck between graphite 
electrodes in vacuum. This creates a high 
energetic plasma of carbon ions along with 
some macroparticles which are debris coming 
from the cathode itself. Then the plasma is lead 
through a magnetic duct towards the substrate 
where it condenses as an a-C thin film. While 
the plasma is guided by the magnetic field, the 
macroparticles cannot follow the field and hit 
the walls of the chamber and thus are lost from 
the plasma stream.  
 

The roughness of the films is determined by AFM. In this process a small, oscillating tip is 
brought in close proximity to the sample surface and is scanned across the sample. During 
the scanning process a topographic picture of the sample surface is obtained (see Figure 2). 
With the FCVA system we can produce ultra-smooth films with very low roughness of (0.2 -
 0.3) nm (see Figure 2). 
 

To extract the mechanical properties of the films as well as the sp3 content, Raman 
spectroscopy is used. Raman spectroscopy is based on the inelastic scattering of light. All 
carbon materials show characteristic Raman features in their spectrum. One of these 
features is called the G peak. In disordered materials, such as amorphous carbon, the  
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Figure 1: Single bend filtered cathodic vacuum 
arc. 

Figure 2: AFM image of an amorphous carbon film. 
The film roughness is 0.247 nm 

Figure 3: Raman spectra of an amorphous carbon 
film recorded at five different wavelengths. The 
G peak dispersion is well visible. 
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G peak changes its position in the Raman spectrum with wavelength, i.e it disperses with 
wavelength (see Figure 3). The amount of this G peak dispersion is related to the 
mechanical properties of amorphous carbon and can be used to extract the bonding 
parameters, e.g. the Young’s modulus, density and sp3 content. At Cambridge, five different 
wavelengths are used to extract these bonding parameters, starting in the low nm range 
(UV) and going up to 633 nm (red light). With this method we find that our films reach a 
maximum sp3 content of 60 %. 
 

Temperature-dependent transport measurements are then 
performed. For this purpose, thin films are deposited on 
highly resistive (Corning 7059) glass substrates. 
Afterwards, metallic (chromium and gold) electrodes have 
been deposited on top to enable the measurement of the 
lateral resistance. Due to the high resistivity of ta-C, it is 
beneficial to choose a geometry with a conducting channel 
with a large width-over-length ratio. Hence, a pattern with 
two gearded electrodes as shown in Figure 4 has been 
chosen. The measurements are performed in a home-built 
ambient-atmosphere probe station employing a 
Keithley SCS 4200, in which the temperature of the sample 
can be varied between -30 °C and +100 °C. 
 

The room temperature sheet resistance of the as-deposited ta-C films is of the order of 
10 TΩ/sq with no systematic dependence on film thickness. The resistance strongly depends 
on temperature. The activation energy obtained by the Arrhenius fit (see Figure 5, left) is 
319 meV. The data points seem to deviate systematically from a straight line fit. This could 
either suggest a sudden change in the activation energy in the measured temperature range 
(e.g. a crossover from transport in extended states at higher temperatures to thermally 
activated hopping in band tails at lower temperatures) or a different transport mechanism 
(e.g. variable-range hopping). Indeed, the hopping fit (see Figure 5, right) is slightly better.  
In the near future, measurements will be performed in a broader temperature range to pin 
down the transport mechanism.  
 

  
Figure 5: Arrhenius plot displaying the temperature-dependence of the sheet resistance of the 40-nm-thick as-
deposited ta-C film, yielding an activation energy of 319 meV (left). The fit according to the Mott variable-range 
hopping law is slightly better and yields an activation energy of 1.9 ×109 K (right). 
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Figure 4: Two devices for lateral 
resistance measurements, each 
employing two geared electrodes, 
yielding a W/L of 343. 
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Resistive Switching on Carbon Memory Structures 
 
Two key aims of the project for year 1 were to  
 

(i) demonstrate the feasibility of 'all-carbon' resistive memories and  
(ii) demonstrate bipolar resistive switching in graphene oxide materials.  

We have successfully achieved both these aims. By 'all-carbon' we mean (ultimately) 
devices with carbon-based electrodes and a carbon-based resistive switching layer. We 
fabricated such 'all-carbon' structures using sp3-rich amorphous carbon films as the active 
(i.e. memory) material, but with graphitic-type electrode materials in place of standard metal 
electrodes. A typical current-voltage curve, showing resistive switching (from a high-
resistance to a low-resistance) state at a threshold voltage of around 8 V is shown in Figure 
6. This shows no significant difference between graphitic electrodes and standard platinum 
metal electrodes. 
 

Resistive switching in amorphous carbon films is, as shown in Figure 6, generally unipolar in 
nature, i.e. the polarity of the voltage is unimportant in terms of switching behaviour. For 
many applications (e.g. synaptic 'memories' for neuromorphic computing applications), 
bipolar switching is preferable. In bipolar switching a positive voltage (for example) switches 
the active region from the high-resistance state to the low-resistance state, then a negative 
voltage is needed to switch back again to a high-resistance. Graphene-oxide (GO) films 
should exhibit just such a bipolar switching behaviour, and we successfully demonstrated 
this as part of the CareRAMM project – with a typical GO bipolar current-voltage curve as 
shown in Figure 7. 
 
 

 
Figure 6: Current voltage curves of a ta-C film on a graphitic type electrode (left) and on a standard platinum 
metal electrode (right). Both measurements show unipolar resistive switching (from a high resistance to low 
resistance state) at a threshold voltage of around 8 V.  
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Memory switching in hydrogenated amorphous carbon 
 
We also demonstrated memory switching in hydrogenated amorphous carbon (aC:H). Under 
an applied voltage aC:H undergoes a dramatic change in resistance. This remains in the 
material when the voltage is removed. Therefore, the switching of the resistance shows a 
memory effect and can be used to store data in aC:H. 
 

We can define a ‘0’ for the low resistance state and a ‘1’ for the high resistance state. See 
Figure 8 for a measurement of the switching effect - from a ‘0’ to a ‘1’ - in aC:H.  The 
measurement was done in a so called cross-bar structure, see the inset of Figure 8. In this 
structure the aC:H is squeezed between two metal electrode in the form of two bars that 
form a cross. The switching observed offers great potential for the further development of 
aC:H as a memory material. 

 
 

Figure 8: Memory effect observed in hydrogenated amorphous carbon films. The layer starts in a low resistance 
state, termed a ‘0’. By applying a voltage the layer is SET into a high resistance state, termed a ‘1’. The inset is 
an electron microscope image showing the aC:H layer squeezed in between two electrodes. 

 

Figure 7: Current-voltage curve of a GO film 
confirms bipolar resistive switching. 
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