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Publishable summary 
GRADE is a three-year project focused on advanced RTD activities necessary to demonstrate the proof-of-
concept of novel graphene-based electronic devices operating at terahertz (THz) frequencies. We investigate 
two different concepts with specific advantages. Graphene field effect transistors (GFET) use graphene as a 
high-mobility transistor channel. Alternative “graphene base transistors” (GBT) are novel hot-electron 
devices that use graphene sandwiched between two insulating layers, each in turn covered by a metal layer.  

Considering the unique high frequency characteristics of the GFET and the GBT, the consortium envisions 
innovative applications in communication, automotive, security and environmental monitoring. Low power 
wireless communication systems operating above 100 Gbit/s or handheld portable THz sensor systems for 
detection of dangerous agents seem feasible with active devices operating in the THz regime. To be 
affordable for a broad range of consumers, THz devices must be scalable and integrated with silicon 
technology. GBTs and GFETs can fulfill this requirement. The research carried out in GRADE enables the 
demonstration and assessment of these novel device concepts for future THz systems, and prepares their 
transition to semiconductor manufacturing. 

The GRADE partners have defined five concrete research objectives that should be achieved within the 
duration of the project. The objectives of the project are: 

1. Advance GFET RF technology from laboratories to production facilities and push the boundaries of 
operation frequency to 1 THz. 

2. Fabricate proof-of-concept GBTs that are compatible with manufacturing processes and assess their 
potential for future high speed analog and digital applications. 

3. Establish scalable graphene growth technologies. 

4. Develop Verilog-A based compact models for GFETs and GBTs and extract performance indicators 
based on measurements and simulations. 

5. Establish a suite of physics-based modeling tools to improve understanding of transport in GFETs 
and GBTs, support the interpretation of experiments, estimate of achievable performance, and 
provide support to device design and fabrication choices.  

The GRADE project unites a powerful consortium: 

• Five academic partners, three of them with a strong experimental background and excellent 
processing facilities one focused on physics-based modelling and simulation and one specialized in 
compact modelling and circuit design. 

• One research institute, which provides a professionally run pilot production clean room, state of the 
art processing and an entry point for graphene into manufacturing. 

• One global semiconductor manufacturer willing to push its capabilities to enable the fabrication of 
integrated graphene RF circuits, including the integration on SiC and co-integration with pre-
fabricated CMOS wafers. 

The work performed in the first year includes substantial experiments on graphene technology, GFETs and 
GBTs as well as extensive modeling and simulation efforts covering devices and circuits. The main results 
achieved with respect to the projects objective so far are: 

• GFETs  

o Fabricated SiC-graphene FETs with gate lengths of 100 nm including complete DC and RF 
characterization 

o Transport models for GFETs are available 

o A compact model derived for short channel devices and calibrated with experiments is 
available 

o A simple circuit model for fast prototyping of GFET circuits is available 
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• GBTs 

o Achieved the world’s first proof-of-concept devices. In the meantime, similar results have 
been reported by other groups. 

o Established a DC model for GBTs, calibrated with experimental data 

• Graphene Technology and Manufacturability 

o Introduced graphene into a semi-industrial pilot line 

 

GRADE explores novel approaches to RF and THz components, which are drastically different from the 
established solutions like RF silicon CMOS, SiGe, III-V HBTs, etc. The resulting experimental data and 
simulation predictions will be benchmarked with existing solutions to assess the potential of the proposed 
concepts. It is expected that these project outcomes will increase the visibility of and confidence in European 
research in nanoelectronic device engineering and circuit design, impacting future development of mmWave 
and THz electronic systems in Europe or on international scale. GRADE will thus contribute to European 
excellence in nanoelectronics in this novel ICT research field and make a decisive impact on the applied 
graphene research community in Europe. 

The proposed research includes the investigation of graphene synthesis and production methods as well as 
their manufacturability and compatibility with the existing silicon technology infrastructure. This unique 
approach will take graphene technology to a new maturity level by providing an unprecedented entryway for 
silicon CMOS compatible industrial scale graphene device and circuit production. The development of such 
a technology has considerable inherent risks, but a success would constitute a breakthrough in this research 
and engineering field and drastically increase the interest of industrial stakeholders in graphene. GRADE 
could thus have a high transformational impact on graphene technology by providing a graphene integration 
scheme for future industrial manufacturing. A success in this novel ICT research field would provide the 
European semiconductor industry with a clear technology lead and an extraordinary competitive edge on the 
global market. 

In addition to securing and strengthening impact in science and technology, the partners of GRADE will 
utilize their RTD work to educate of European students in the technical fields (Physics, Electrical 
Engineering, Nanotechnology, etc.), including creating a wider impact through participation to the 
EURODOTs Support Action. The GRADE proposal thus offers outstanding opportunities for training a new 
generation of scientists and engineers, and will support quite a number of graduate students in a highly 
collaborative initiative. 

Nanotechnology and microelectronics have a great impact on the evolution of the human society, our 
economies and everyday lives. One of the most anticipated future technologies is the convergence of mobile 
communication and sensing, i.e. wireless sensor networks. Active devices operating in or near the THz 
regime as investigated in GRADE will be a key enabling technology for such ubiquitous communication 
networks. Potential applications include security and defense, biomedicine and pharmaceuticals, astronomy, 
non-destructive material testing and low power, short-range wireless communication. In short, the proposed 
research will contribute to safer, greener and more accessible societies with increased interaction of smart 
electronic systems with the environment and the human body. The expected impact of the GRADE project is 
therefore in line with the “Horizon 2020” strategy of the European Commission. 

www.grade-project.eu 
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Core of the report for the period: Project objectives, work 
progress and achievements, project management  

Project objectives for the period 
The GRADE partners have defined five concrete research objectives that should be achieved within the 
duration of the project. Each of these objectives relates to one specific work package. The global objectives 
of the project are: 

1. Advance GFET RF technology from laboratories to production facilities and push the boundaries of 
operation frequency to 1 THz (WP4) 

2. Fabricate proof-of-concept GBTs that are compatible with manufacturing processes and assess their 
potential for future high speed analog and digital applications (WP5) 

3. Establish scalable graphene growth technologies (WP3) 

4. Develop Verilog-A based compact models for GFETs and GBTs and extract performance indicators 
based on measurements and simulations (WP6) 

5. Establish a suite of physics-based modeling tools to improve understanding of transport in GFETs 
and GBTs, support the interpretation of experiments, estimate of achievable performance, and 
provide support to device design and fabrication choices. (WP2) 

The objectives are clearly defined and measurable through the milestones defined in WT4 (see ANNEX I). 
Through these objectives, the research will lead to four outcomes. 

1. Detailed benchmarking figures for GFETs and GBTs with respect to existing technologies 

2. Proof-of-concept of carbon-based, scalable, high-performance devices and circuits for GFETs and 
GBTs 

3. A circuit-technology suite of software tools that combines device simulation, modeling and circuit 
performance indicators 

4. Manufacturable graphene technology including devices, technology and circuits 

These targeted outcomes are defined such that several work packages contribute to each outcome in order to 
utilize the synergy of the complementary expertise of the partners. This is illustrated in detail in the PERT 
diagram in section B1.3 of ANNEX I. 

In summary, the five objectives of GRADE match Challenge 3 in an ideal way and contribute to a 
substantial number of the targeted outcomes. The project fulfills the criteria of "systemability", 
"integratability" and "manufacturability" and strongly stimulates the interaction of circuit, device and 
technology research communities. The five objectives lead to outcomes that match the “Beyond CMOS 
Technology” targeted outcome of the call, with contributions to “New switches and interconnects which 
offer scalability, performance and energy efficiency gains, operational reliability and room temperature 
operation with preferably CMOS process and architectural compatibility” and “Carbon based electronic 
devices”. The GRADE outcomes further match the “Circuit-technology solutions” targeted outcome 
“Modelling and simulation: e.g. quantum and atomic scale effects; electro-thermo-mechanical effects; band-
to-band tunnelling; drift diffusion effects; variability; modeling for new materials, processes and devices, and 
higher abstraction level models for cross technology cross IP level simulation”. Finally, the GRADE 
outcomes match the “Nano-manufacturing and Joint Equipment Assessment” targeted outcome as they 
include “Manufacturing approaches to Beyond-CMOS” and “their integration with nanoCMOS”. 

The objectives for the first reporting period can be summarized with the deliverables due by month 12. A 
theoretical exploration of the design spaces in WP2 for both types of devices to be investigated had to be 
achieved by month 12, as well as the development of the building blocks for the simulation of GBTs. The 
device oriented WPs 4 and 5 had the objective to establish the basic fabrication methods for devices. WP6 
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had to establish DC and RF measurements of the first available devices. All Deliverables have been supplied 
on time, and all Milestones have been met. 

Work progress and achievements during the period 

WP2 Modelling and Simulation. 
No deviations from schedule have been required or will be done in the near future. Person months in 
workpackage 2 proceed as planned. 

 
Objectives	   	  
2.1	   Development	   of	   suitable	   simulation	   tools,	   presently	   not	   available,	   with	   predictive	  

capabilities	  of	  GFET	  and	  GBT	  performance,	  with	  focus	  on	  high	  frequency	  operation	  up	  to	  
the	  THz	  range.	  

2.2	   Exploration	  by	  simulation	  of	  a	  broad	  design	  space,	  in	  order	  to	  provide	  sensible	  feedback	  
on	  promising	  technology	  options	  and	  device	  architectures	  

2.3	   Comparison	   of	   simulations	   with	   measurements,	   in	   order	   to	   identify	   the	   main	   factors	  
limiting	  device	  performance	  and	  model	  accuracy	  

2.4	   Exploration	   of	   device	   fabrication	   issues,	   in	   particular	   the	   process	   of	   film	   growth	   on	  
graphene	  and	  the	  process	  of	  graphene	  growth	  on	  insulating	  substrates.	  

Summary: Progress towards Objectives 
The following aspects are critical to understand fabrication and operation of GFETs and of GBTs. 

In the case of GFETs: 

• Investigation of the impact of different dielectric layers on mobility, current drive and RF 
performances in GFETs 

• Channel engineering through the use of multilayer or chemically modified graphene to achieve 
higher output resistance. 

• Study of graphene-metal contact for the optimization of series resistance. 

In the case of GBTs: 

• Study of the interface between graphene and both the emitter-base and base-collector dielectric 
layers in GBTs from a microscopic point of view, also during the growth process. 

• Understanding the interaction between electrons impinging on the graphene sheet and the graphene 
itself. 

•  Study carrier transport in the insulators, which sets the energy distribution of electrons impinging on 
the graphene layer, and electron backscattering in the collector insulating layer. In addition, WP2 
will pursue the development of a complete integrated suite of models and simulation tools suitable to 
investigate the overall device behaviour and possibly including parasitic elements, which may be 
relevant for the interpretation of experimental data from the first fabrication trials. 

We briefly report the progress towards objectives and details for each task 

Task 2.1: Exploration of the design space of GFETs and GBTs 
GBTs 

Simulations have been performed of schematic GBT structures featuring intrinsic Si dielectric layers, using 
the simulation model set up by the IUNET group in Bologna in Task 2.5.  

 The results have been published in [1][2] and can be summarized as follows 
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• The importance of keeping the Schottky contact barriers low and the emitter-base layer (EBL) very 
thin is fully confirmed: super-THz (up to 3 THz) fT together with intrinsic voltage gain Av ≥ 10 can 
be achieved assuming a 0.2-eV emitter barrier, a 3-nm EBL and a 20-nm base-collector layer (BCL). 
The performance rapidly deteriorates by relaxing the above assumptions. 

•  The limited quantum capacitance of graphene leads to a transconductance degradation only at low 
VBE and doesn’t seem to represent a serious limitation for fTmax. 

• Space-charge effects within the base-collector layer (BCL) due to travelling electrons can seriously 
limit the extension of the saturation region in the output characteristics. The problem is mitigated by 
thinning the BCL, which in turn increases the output conductance and deteriorates the voltage gain. 
A trade-off clearly exists here.  

• Simplified analytical expressions for fT and Av have been derived. 

 Based on the above findings, an alternative device geometry has been investigated, essentially consisting of 
a graphene layer sandwiched between two doped Si emitter/collector layers. The structure is a variant of the 
GBT, where the Schottky contacts are removed and there is no need of ultra-thin EBL and BCL, with a 
significant structural simplification. The current is mainly due to over-the-barrier thermionic transport. The 
resulting device can be viewed as a HBT with a graphene base (GBHT), with the associated advantage of a 
considerably reduced base transit-time. The simulations have shown that the GBHT has nicer DC 
characteristics than the best GBT above with comparable top RF performance (Figure 1). The simulation 
results obtained so far have been submitted for publication [3]. 

 
The model developed by the IUNET group in Udine to describe the GBT characteristics (whose details have 
been included in the activity description for Task 2.5) has been used to predict the performance of GBT 
devices with different geometry and structure. The simulations indicate that cutoff frequencies (fT) in the 
THz range and competitive transconductance (gm) and output conductance (gD) may be reachable for the 
intrinsic device over a broad range of material and device parameters and are published in [4]. 

In particular, the design space of GBTs has been extensively explored and the simulations clearly show that 
insulating materials with small energy barriers with respect to the graphene Dirac point, which are partly 
available today, should be considered for the fabrication of the Emitter-Base insulator (EBI) and Base-
Collector insulator (BCI). Furthermore, regarding the GBT with metal emitter, the model suggests that 
insulating materials with small permittivity (k) should be preferred for the fabrication of the EBI and BCI 
layers (Figure 2). In the case of a Si emitter device, on the contrary, the dependence of GBT characteristics 
on the EBI and BCI permittivity is the opposite and dielectrics with high k values show the best performance 
(Figure 2). Results of this activity have been published in [4] and presented at the INFOS Conference 2013. 

          

Figure 1: left: Output characteristics of two GBHTs: device 1 and device 2 differ in the collector doping 
concentration. Right: Unit current-gain frequency (left axis) and intrinsic voltage-gain (right axis) of the GBHT 
device 1 and device 2. 
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Figure 2: Simulated cutoff frequency (fT) versus applied base-emitter voltage (VBE) for device with 
metal emitter (left) and Si emitter (right). The dependence of fT on the permittivity of the EBI layer is 
completely different for the two devices. 
GFETs 

The IUNET group in Pisa has investigated through numerical simulations graphene bilayer Field Effect 
Transistors for analog applications. Compared to monolayer graphene FETs, bilayer graphene shows better 
current saturation due to the electrostatically induced band gap of up to 220 meV, sufficient to suppress 
interband tunneling and provide acceptable output resistance. This translates in a large voltage gain at low 
frequency and fmax in the THz regime, if contact resistances are reduced down to 80 Ωµm [5]. 

In parallel, the IUNET group in Bologna has carried out an investigation on GFETs exhibiting a negative 
differential resistance (NDR) in the output characteristics. The analysis focused on short channel length 
devices (of the order of tens of nanometers), where ballistic transport can be assumed. The physical reasons 
for the NDR have been identified, also with the help of a semi-analytical model, in the transport bottlenecks 
introduced by the source-channel and channel-drain junctions, both in the n-n-n and n-p-n configurations [6]. 
An exploration of the design space (i.e., oxide thickness and source/drain electrostatic doping) has been 
performed, in order to understand whether a suitable device and a proper circuit configuration can be 
identified where the GFET featuring NDR can be used as a high-static large-bandwidth small-signal voltage-
gain amplifier, thus circumventing the main voltage-gain limitations afflicting conventional GFETs. This 
implies to take care of the stability issues related to the NDR. The main result, submitted in [7], is that indeed 
this goal can be achieved, even if the resulting circuit is highly sensitive to device variability. 

 

Task 2.2: Ab-initio study of interfaces and graphene growth  
IHP has focused on modeling of the molecular beam epitaxy (MBE) process of Carbon on hexagonal boron 
nitride (h-BN) and on Germanium using the software Quantum Espresso. Atomic carbon reacts with perfect 
BN only weakly, the same seems to be the case with CH3 and similar hydrocarbons. This indicates that 
plasma enhanced chemical vapor deposition (PE-CVD) and MBE growth nucleates on pre-existing defects in 
BN. Experimental MBE data by the IHP group (unpublished) support this view. As for Ge, it appears that 
carbon roughens the surface.  

The IUNET group in Pisa has finalized the development of a quasi-automatic procedure to perform accurate 
NEGF simulations on new materials: starting from electronic properties computed with DFT (Quantum 
Espresso), we can obtain with Wannier a Hamiltonian on a basis of Wannier Functions localized on the 
positions of atoms in the crystal. Such Hamiltonian can be directly used for NEGF transport simulations. A 
paper on the subject has been submitted to IEEE-TED. 

 

Task 2.3: Modeling and optimization of GFET channel 
To the aim of a correct and efficient calculation of channel mobility in GFETs, an energy driven 
discretization of the linearized Boltzmann transport equation (BTE) has been studied and developed. In 
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particular, this approach allows one to write the discretized BTE in the form of a linear, algebraic problem. 
Furthermore, multiple scattering mechanisms are naturally included by adding the corresponding scattering 
rates before the calculation of the Momentum Relaxation Time (MRT) and hence it is not necessary to resort 
to the Matthiessen’s rule to compose the inverse of the relaxation times, which is a procedure theoretically 
legitimate for isotropic scattering rates, but essentially semi-empirical for anisotropic mechanisms. The 
proposed methodology has been implemented to solve the linearized BTE and calculate the mobility in a 
graphene bilayer system, and to compare such exact calculations for relaxation time and mobility with the 
results obtained with some of the simplifying assumptions almost universally employed in the literature. In 
particular, the error of the approximated solutions was quantified and discussed [7]. 

Finally, results showed that, for non monotonic energy dispersion relationship of the graphene bilayer, the 
momentum relaxation time can take negative values, which is explained by the fact that the MRT is an 
auxiliary unknown function for the linearized BTE problem, so that it is not always possible to interpret it as 
the relaxation time of a real physical process [8]. 

As for the determination of the performance of short channel GFETs, comparison between the Monte Carlo 
simulator developed by Udine and NEGF calculation by PISA have been performed. We found that the 
simple local model for band-to-band tunneling is fairly accurate. We have also found that scattering has a 
non-negligible effect on the RF performance even in sub 100nm devices [9] Simple compact models to 
understand the effect of scattering on the ambipolar behavior are under development. 

In addition, the IUNET group in Pisa PI has achieved some extensive new results by showing the advantage 
provided by bilayer graphene FETs [5] and by comparing simulations on bilayer graphene FETs with some 
recent experimental results by AMO [10]. 

 

Task 2.4: Graphene-metal contacts for GFET performance optimization 
Activity of Task 2.4 in this phase is the same as in Task 2.2 (methodology defined and validated). 

 

Task 2.5: Electron scattering in the GBT base and transport in the dielectric 
layers  
Complementary simulation tools have been set up for the purpose of a first investigation of the device 
parameter space (see Task 2.1 and D2.2). One such tool is based on a full-quantum description and features 
([1], [2]): 

• 1D full-quantum ballistic transport in the vertical direction (NEGF approach) coupled with Poisson 
equation; 

• semiconductor (Si) EBL and BCL, with an effective mass (EM) Hamiltonian, including multi-valley 
band structure and non-parabolic (NP) corrections at high energies; 

• Schottky barriers at the emitter and collector contacts (barrier lowering is ignored); 

• zero-thickness graphene layer transparent to the vertical electron flow (no scattering); 

• electron/hole charge sheet in the graphene layer, calculated assuming Dirac graphene DOS and Fermi 
energy distribution with Fermi level equal to the base voltage. 

Another model is based on a WKB description of tunneling. Beside handling structures with a metal emitter 
[4], this model can also simulate GBT devices with a Si emitter and this allowed us to compare simulations 
with the experimental results made available by partners KTH and Siegen [11]. An efficient one-dimensional 
model capturing the most important physics of GBT devices has been developed and partly verified by 
comparison with experiments. The model allows us to investigate the GBT high frequency performance, thus 
enabling the design and the optimization of the GBT. Among the different physical mechanisms responsible 
for the GBT operation, the model accounts also for the high injection effects induced by a large tunnelling 
current crossing the device. Large currents induce high concentrations of charge travelling in the dielectrics, 
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thus impacting the electrostatic of the device and the GBT performance. In the model, a self-consistent 
procedure has been developed to include in the GBT simulation the effect of this charge in the EBI and BCI. 

The simulation results have revealed that, also in GBTs, the fT versus current characteristics shows the 
typical drop off due to high injection, as in the case of bipolar transistors. However, as shown in Figure 3, 
the THz operation of the device is preserved also accounting for these effects. Moreover, the model predicts 
that GBTs should be less sensitive to high injection effects than conventional SiGe HBTs, due to the limited 
thickness of the EBI and BCI layers in the GRADE approach. Finally, a fairly good agreement between the 
simulated emitter current and the experimental one has been obtained (Figure 3).  

 

Finally, to further understand transport through graphene-dielectric heterostructures, we investigated the 
electrical behavior of transistors based on a vertical graphene-h-BN heterostructure, using atomistic 
multiphysics simulations based on density-functional theory and non-equilibrium Green’s function 
formalism. We have shown that the h-BN current-blocking layer is effective and allows modulation of the 
current by five orders of magnitude, confirming experimental results.  

We have also highlighted some intrinsic limitations of vertical heterostructure transistors. We show that the 
overlap between gate contacts and source/drain leads screens the electric field induced by the gates and is 
responsible for a degradation of the sub-threshold swing, the Ion/Ioff ratio, and the cut-off frequency. These 
considerations are relevant to the design of GBTs.  
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Figure 3, left: Simulated cutoff frequency (fT) versus current collector (JC) for different combinations of the 
BCI thickness (tox2) and permittivity (k). Simulations performed considering (solid lines) or neglecting 
(dashed lines) the high injection effects are compared. Reference SiGe HBT data are reported for 
comparison. Right: Simulated and experimental emitter current for the GBT device. Reasonably good 
agreement is observed between the model and the experiments. 
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WP3 Graphene Synthesis & Manufacturability 
 
Objectives	   	  
3.1	   Identification	  of	  Industrially	  Relevant	  Graphene	  Fabrication	  Methods	  	  

None	  of	  the	  available	  graphene	  growth	  techniques	  has	  emerged	  as	  the	  only	  provider	  of	  
graphene	  for	  nano-‐devices	  applications.	  This	  work	  package	  explores	  3	  very	  different	  
approaches:	  i)	  graphene	  on	  SiC,	  ii)	  direct	  growth	  on	  insulating	  silicate	  and	  oxide	  and	  iii)	  
catalytic	  CVD	  on	  metals.	  The	  main	  objective	  in	  this	  task	  3	  of	  GRADE	  is	  to	  achieve	  
industrially	  relevant	  elaboration	  technologies	  on	  insulators,	  requiring	  or	  not	  a	  transfer	  
process.	  The	  ultimate	  goal	  is	  to	  obtain	  graphene	  directly	  onto	  the	  Si	  templates.	  

3.2	   Demonstration	  of	  Manufacturability	  of	  Graphene	  	  
High	  quality	  component	  materials	  are	  the	  key	  to	  fabrication	  of	  devices	  with	  good	  
performance.	  It	  is	  therefore	  of	  utmost	  importance	  to	  ensure	  that	  the	  materials	  used	  for	  
device	  manufacturing	  are	  free	  of	  contaminations,	  defects	  etc.	  The	  objective	  is	  to	  provide	  
information	  about	  the	  quality	  of	  the	  component	  materials	  with	  the	  tasks	  ranging	  from	  
raw	  material	  validation	  to	  optimization	  of	  the	  individual	  process	  steps.	  

Summary: Progress towards Objectives 
Progress towards objective 3.1 is with some deviations. Three graphene synthesis techniques are under 
investigation: 

• Graphene epitaxy on SiC wafers turned out to result in very poor reproducibility. Possibly this 
occurs due to a principal problem with a too low sticking coefficient of carbon on SiC, so further 
investigations are necessary. 

• Direct growth on insulating silicate and oxide substrates did not yield graphene films with sufficient 
quality. However, first deposition experiments on germanium showed promising results. Thus this 
new approach will be pursued in deviation to the original plan. 

• Graphene CVD on catalytic materials using Cu and Ni substrates yielded controlled synthesis of 
single- and multilayer graphene films by adjusting process parameters. Synthesis of graphene from 
solid carbon sources in combination with Ni (preferred from manufacturability point of view) 
showed principal feasibility, indicating even graphene deposition directly on SiO2 substrates. 

Progress towards objective 3.2 is as planned. The main activities are planned in Task 3.4 after identification 
of the most-likely synthesis methods for production. Nevertheless, first contamination analyses have been 
performed on graphene grown from CVD on Cu and transferred to Si substrates. Indications of significant 
traces of Cu were found showing the need of improving the contamination level (reported in Task 5.4).  

Task 3.1: Graphene Epitaxy on SiC Wafers 
Graphitization 
This task is devoted to graphene growth on SiC by different techniques. The first one is graphitization (high 
temperature anneal) and is now well mastered at IEMN. The first wafer for processing tests and optimization 
studies were delivered in January 2013 (Milestone 4) to the IEMN team in WP4. Other wafers were and will 
be produced, based on technological requirements. 

Si-assisted MBE 
The second technique is Si-assisted molecular beam epitaxy, which is still at the exploratory stage. A typical 
scanning tunneling microscopy image of monolayer graphene thus obtained is shown in Figure 4. Large 
domains (size > 200 nm) are observed, together with the SiC substrate steps. This confirms the potentialities 
of this growth technique on the C face of SiC, since it allows a good control of the graphene thickness at the 
monolayer level. A first test wafer on the C-face of SiC has been delivered for preliminary nano-device 
developments (WP4). It was initially scheduled to study this process at higher temperatures, implying use of 
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a larger (and yet unavailable) Si flux, in order to obtain even larger domains. Recent problems encountered 
related to the non-reproducibility of the graphene thickness suggest that this problem could be of 
fundamental origin (reduced carbon atom sticking efficiency at high temperature). The next period will be 
noticeably devoted to understand the corresponding limitations of this technique. 

 
Figure 4: STM image of a typical monolayer graphene domain grown on the C face of SiC by Si-
assisted MBE at ~1200°C. The inset shows the graphene lattice with higher magnification. 
 

Task 3.2: Direct Growth on Insulating Silicate and Oxide Substrates 
Silicates 
Initial work showed successful growth of micrometer sized graphene flakes on alumina silicate (MICA) [12]. 
These experiments indicate: 

§ Vollmer-Weber growth mechanism 

§ No success in growing large area graphene layer by layer 

§ Instead growth of separated graphene islands is always observed 

However, due to limited manufacturability of mica substrates for transistors, focus of the experimental work 
has been shifted towards more silicon compatible substrates, in particular SiO2 and Germanium. 

Oxides 
Experiments on amorphous and crystalline SiO2 show homogeneous coverage with carbon over large areas. 
The carbon deposit is, however, only in a very small part a crystalline sp2 bonded C. In this form, the 
process is not suitable for manufacturable graphene applications. Further experiments with graphite seeds 
(deposited by exfoliation onto SiO2) are ongoing.  

Deviation between planned and actual activities 
Exploratory experiments at IHP indicate that Germanium may be a suitable substrate for direct graphene 
growth. In contrast to Si, Ge does not form carbides and sp2 bonded layers (according to Raman 
spectroscopy) with sheet resistivity of 2 kΩ/square could be obtained in the first experiments. This indicates 
a potential for Ge-based graphene growth for the realization of graphene-base heterojunction transistors 
involving semiconductor/graphene junctions. Promising results encourage us to work further in this 
direction, and a first (non-functional) GFET made on IHP grown substrate at USIEGEN is shown in Figure 
5. 
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Figure 5: Optical micrograph of a back-gated graphene field effect transistor structure made from 
MBE grown graphene on germanium (unpublished). 
 
Task 3.3: Graphene CVD on Catalytic Materials 
Within this work package, three different concepts for graphene deposition with upscaling potential were 
pursued. In order to obtain high flexibility in reactor and process optimization, the experiments in this first 
stage of the project are done on a versatile laboratory reactor. 

CVD on Cu 
The underlying mechanism is the catalytic decomposition of a hydrocarbon precursor on a Cu surface with 
subsequent formation of graphene. First the Cu substrate was optimized and different hydrocarbon 
precursors were evaluated. In a second step the deposition conditions were optimized. The central finding 
was that continuous films can be deposited, resulting in single-layer (SLG) or multi-layer (MLG) graphene 
depending on the process conditions (compare Raman spectra in Figure 6). First single-layer graphene films 
on Cu were delivered to WP4 & 5 partners for quality assessment and integration into GFET and GBT 
devices. 

 
Figure 6: Raman spectra of single- (SLG) and multi-layer (MLG) graphene films on Cu. The inset 
shows the mapping of the Raman signal intensity over a larger substrate area. 
CVD on Ni 
Here the basic mechanism is the catalytic decomposition of a hydrocarbon precursor on a Ni surface with 
subsequent solvation of the carbon in the Ni bulk. Upon cooling down the carbon precipitates and segregates 
to the Ni surface forming a graphene film. The Ni substrate and the deposition process were optimized, 
leading also to a controllable deposition of single- and multi-layer graphene. With a specific process setting 
this control could be made very robust in contrast to the prior art. 

Solid-carbon source deposition of graphene 
The solvation/precipitation approach can be extended beyond CVD (with gaseous carbon sources) towards 
deposition using solid carbon sources. Using a Ni substrate and different carbon sources (e.g. amorphous 
carbon) graphene films were successfully synthesized, also indicating the possibility of growth directly on 
SiO2 substrates.. As the quality is not yet satisfactory extensive optimization work has to be done. However, 
the perspective is a very easy manufacturability, as all necessary process steps can be done in standard 
semiconductor manufacturing tools without the need for a special CVD reactor. Thus scaling up would be 
very easy for this type of graphene deposition process. 
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In general, the qualities of these deposited graphene films have to be further characterized and optimized 
within the next year.  

Transfer processes of the films from the metal substrate to SiO2 substrates are under evaluation. The first 
graphene films could be transferred. However, this process has to be further optimized with respect to 
integrity and cleanliness of the films. 

Task 3.4: Investigation of Manufacturability 
Activities in this work package will start after substantial development of graphene deposition processes in 
WP 3.1 to 3.3. Nevertheless, from the beginning emphasis is placed on later upscalability of the graphene 
deposition processes. 
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WP4 GFET Engineering & Technology 
 
Objectives	   	  
4.1	   Fabrication	  of	  GFETs	  with	  performance	  beyond	  current	  state	  of	  the	  art	  

This	  emerging	  device	  family	  requires	  improvements	  in	  device	  technology	  and	  scaling	  to	  
increase	  high	  frequency	  performance.	  The	  critical	  points	  to	  fulfill	  these	  requirements	  
concern	  the	  improvement	  of	  basic	  transistor	  processes	  including	  investigation	  of:	  i)	  
metal	  graphene	  contacts,	  ii)	  investigation	  of	  various	  engineered	  high	  K	  material	  as	  well	  
as	  their	  interactions	  with	  graphene,	  iii)	  e-‐beam	  lithography	  for	  improving	  device	  
structure.	  These	  studies	  will	  be	  performed	  in	  collaboration	  with	  WP5	  to	  generate	  and	  
exploit	  synergies	  for	  the	  GBT	  fabrication.	  

4.2	   GFET	  circuits	  and	  co-‐integration	  
GFET	  devices	  and	  graphene-‐based	  circuits	  from	  graphene	  films	  grown	  on	  SiC	  wafers	  will	  
be	  investigated.	  In	  addition,	  discrete	  GFETs	  will	  be	  fabricated	  from	  transferred	  CVD	  
graphene	  on	  SiO2	  /	  Si	  substrates	  and	  on	  insulating	  layers	  deposited	  after	  back-‐end-‐of-‐
the-‐line	  processing.	  Finally,	  the	  GFET	  device	  technology	  will	  be	  integrated	  with	  pre-‐
fabricated	  silicon	  CMOS	  circuits.	  

Summary: Progress towards Objectives 

Progress towards objective 4.1 is as planned. The basic process steps of GFET fabrication have been 
established and optimized. Based on electrical measurements, one can observe that the uniformity of 
parameters on the whole wafer (a quarter of 2’’ SiC substrate) remains a problem.  This is probably due to 
the surface pollution of the graphene layer, resulting from process steps. 

Progress towards objective 4.2 show a slight delay concerning GFET fabrication. This is related to some 
change in our fabrication procedure, that generated unexpected problems (etching of the oxide in the gate 
area). To compensate this delay, the work on T-gate optimization has begun in advance, and the first devices 
will include T-Gate.  

Task 4.1: Basic GFET Fabrication Technology 
The fabrication of GFET devices required a number of process steps. In this first part we have focused our 
attention on optimization of each of these processes, in order to improve performances of final device. This 
includes contact resistance, electron beam lithography, patterning by reactive ion etching, metal and gate 
oxide deposition using ALD process. These aspects are illustrated in detail below: 

Contact resistance  
The reported experiments have been made on graphene test sample G201, fabricated in the WP3. This 
sample has been obtained by graphitization of the Si-face of SiC substrate. Two kinds of ohmic contact 
stacks have been tested: Case 1: Ni/Au (50nm/300nm) and case 2: Ti/Au (10nm/200nm) contacts. The 
transmission line method (TLM) is used, as illustrated in Figure 7. The best result has been obtained for case 
1, with the main values reported in Table 1. There is still a considerable dispersion in the measurements, 
which requires further experiments to understand. Nevertheless, the lowest contact resistance measured (ρc = 
5.6 10-7 Ω.cm2) is close to the best published contact resistance on graphene today [13]. 
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 Rc (Ω)  ρs (Ω/�) LT  (µm) ρc (Ω⋅cm²) 

Sample 1 4.5 1554 0.19  5.6E-7 

Sample 2 22.3 1354 1.07 1.55E-5 

Sample 3 8.7 1361 0.42 2.40E-6 

Table 1: Measurements obtained on TLM structures using Ni/Au contact 

Gate oxide deposition 
Gate dielectrics are critical for both DC and RF performances of GFETs. In particular, the graphene 
interaction with the gate oxide is known to have a dramatic impact on carrier mobility. In the first year of the 
project, we have explored the deposition of aluminum oxide (Al2O3), hafnium oxide and mixed oxides (see 
WP5). 

Al2O3 gate oxide: The ALD growth of Al2O3 oxide on graphene layer is challenging due to the particular 
surface chemistry of graphene. The method explored here consists of evaporating a thin metal layer on 
graphene following by oxidation in air, before growing aluminum oxide (Al2O3) by atomic layer deposition 
(ALD) technique. We have explored as seed metal layers of aluminum (Al) and titanium (Ti). By exploring 
the seed layer thickness (from 0.5 nm to 2 nm), the structural properties of the Al2O3 growth by ALD have 
been explored using transmission electron microscopy (TEM) and electrical properties were extracted from 
capacitors, where Al2O3 was used as a dielectric (Figure 8). The average extracted value of the effective 
permittivity of Al2O3 deposited on graphene at 300°C is εr = 7.  

In reference to the WP5, Task 5.1, a seed layer is necessary here prior the deposition of ALD layer. This is 
required to avoid pinholes in thin gate oxides (10 nm), which would short circuit the gate and the graphene 
layer.  

 

   

              
 

Figure 7, left: Optical micrograph of TLM structures on epitaxial graphene. Right: Schematic and dimensions 
of the structures and extracted resistance results for TLM structures. 

 

Figure 8: TEM image of Al2O3 (6nm) growth on Ti (2nm) seed layer. Right: Cross section and images 
of the MOS and MIM capacitances 
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Optimization of gate lithography 
In order to achieve high frequency performance, it is necessary to fabricate GFETs with gate lengths down to 
sub-100 nm. In addition, a T-shaped gate is preferred in order to reduce the gate resistance. The procedure 
under optimization is illustrated in the schematic in Figure 9, together with an SEM image of our first 
experimental results for a T-gate obtained on a graphene layer. This process is now established and will be 
further optimized to reach the desired gate length values.  

Task 4.2: GFET Device and Circuit Fabrication 
Based on these process steps, we have designed a mask set for GFET device fabrication. The mask includes 
RF devices with different dimensions, DC GFETs and also test structures such as TLM and Hall-bars (Figure 
10). The full process has been carried out on the SiC_200 (Graphene on Si-face of SiC substrate) sample 
fabricated in WP2. This first full process did not integrate the T-gate technology. An example of a GFET 
fabricated with this process is illustrated in Figure 10. Unfortunately, at the last step, an error was made in 
the processing and the devices were destroyed. After identifying the reason of this failure, two new processes 
have been launched, one with graphene made on the Si-face and one with graphene made on C-face of SiC. 
For both cases, the T-gate process will be used. To avoid a negative impact of this failed process related 
delay on WP6, we have sent to UB1 a chip made with GFETS fabricated with a set of available home made 
GFETs (see description of the characteristics in D6.1).  

 

 
 

    

   

Figure 9, left: Schematic illustration of the T-gate process steps under optimization. Right: Scanning 
electron microscope image of a T-gate on a graphene layer. 

Figure 10, left: Mask design for the established graphene on SiC GFET process. Right: Optical micrographs of 
GFETs. 
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WP5 GBT Engineering & Technology 
 
Objectives	   	  
5.1	   Fabrication	  of	  Proof-‐of-‐Concept	  Graphene	  Base	  Transistors	  

This	  objective	  targets	  the	  fabrication	  of	  the	  proposed	  novel	  graphene	  base	  transistor	  
structures.	  It	  integrates	  templates	  fabricated	  in	  a	  CMOS	  compatible	  process	  flow	  with	  
graphene-‐specific	  methods	  of	  transfer	  and	  device	  formation.	  In	  addition,	  annealing	  
processes,	  standard	  in	  silicon	  technology,	  will	  be	  applied	  to	  study	  defect	  passivation	  in	  
GBTs.	  Silicon	  dioxide	  as	  well	  as	  various	  band	  engineered	  high-‐k	  materials	  will	  be	  
investigated.	  These	  studies	  will	  be	  performed	  in	  collaboration	  with	  WP4	  to	  generate	  and	  
exploit	  synergies	  for	  the	  GBT	  fabrication.	  

5.2	   GFET	  circuits	  and	  co-‐integration	  
GFET	  devices	  and	  graphene-‐based	  circuits	  from	  graphene	  films	  grown	  on	  SiC	  wafers	  will	  
be	  investigated.	  In	  addition,	  discrete	  GFETs	  will	  be	  fabricated	  from	  transferred	  CVD	  
graphene	  on	  SiO2	  /	  Si	  substrates	  and	  on	  insulating	  layers	  deposited	  after	  back-‐end-‐of-‐
the-‐line	  processing.	  Finally,	  the	  GFET	  device	  technology	  will	  be	  integrated	  with	  pre-‐
fabricated	  silicon	  CMOS	  circuits.	  

Summary: Progress towards Objectives 
Progress towards objective 5.1 is as planned. Proof-of-concept GBTs have been fabricated on pre-patterned 
templates and achieve Ion/Ioff ratios of 105. DC functionality has been demonstrated and published. Basic 
process modules for GBT fabrication have been established. Low barrier dielectrics are being investigated 
for improved performance of GBTs. 

Progress towards objective 5.2 is as planned and slightly ahead of schedule. Integration trials have been 
initiated in the pilot line at IHP. First samples with discrete GBTs have been fabricated in the pilot line of 
IHP using transferred CVD graphene and CMOS compatible processes on 8-inch wafer scale. The impact of 
the GBT fabrication scheme on the standard CMOS and HBT processes, including potential contamination 
issues in the pilot line is under investigation.  

Task 5.1: Basic GBT Fabrication Technology 
Basic process modules for GBT fabrication have been established at KTH, IHP and USIEGEN and have 
been published [14] (Figure 11). Dielectrics for first batches of GBTs have been grown on top of the 
graphene by atomic layer deposition with the support of an evaporated aluminum seed layer (compare WP4). 
Details can be found in D5.1. Guided by GBT modeling (WP2) low barrier ALD dielectrics replacing SiO2 
and Al2O3 have been investigated. Mixtures of TiO2 with HfO2 and Al2O3 appear to be a promising solution 
and are considered to be a potential solution for very low barriers required for high performance GBTs (see 
predictions in Task 2.1). Additionally, CVD of HfO2 and TiO2 on transferred graphene is investigated at IHP. 
50nm thick HfO2 layers (for BCI) were deposited without seed layers and show good electrical performance 
(Figure 12). Results are accepted to be published in [15].  

Reproducibility of CVD graphene transfer has been identified as a major challenge in fabrication of 
functional devices. This may be related to a varying quality of graphene material delivered by external 
suppliers. Commercially available graphene/Cu from different suppliers is investigated to identify the most 
reliable manufacturer. In fact, initial comparison performed at IHP shows that while showing good 
crystalline quality (according to Raman spectroscopy), various graphene sorts differ significantly in the 
number and distribution of wrinkles as well as the multilayer islands present on the monolayer graphene (see 
Figure 11). The apparent differences may affect the device functionality and complicate comparisons 
between subsequent batches of devices. Considering the slow progress in the direct growth of graphene on 
dielectrics (WP3, but also globally), transferred CVD graphene is expected to remain the primary option for 
GBT prototyping at least in the following 12 months. 
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Figure 11: left: Basic processing steps developed for GBT fabrication. Right: Optical micrographs and 
Raman scan of CVD graphene from different suppliers transferred to SiO2/Si substrates. 

 

 
Figure 12: Capacitance measurement of CVD HfO2 dielectrics deposited directly on graphene without 
seed and extraction of effective dielectric constant. 

Task 5.2: Design and Fabrication of Si templates for GBTs 
The first generation of patterned Si substrates is available for GBT proof of concept investigations (see Task 
5.3). These templates are equipped with patterned emitter areas covered with thin thermal SiO2 dielectric 
layers (Figure 13, left). Proof of concept GBT devices have been fabricated on these templates in Task 5.3. 
Several improvements to the design of the templates have been proposed by KTH and USiegen and a new 
mask set has been prepared. New version of templates featuring local metal emitter contacts optimized 
design, and doping profiles are in preparation at IHP (Figure 13, right). It is planned to extend the use of 
templates also to WP4: suitable substrates for GFET preparation at USIEGEN are in fabrication at IHP. The 
new generation of templates should be available not later than by the end of 2013. 
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Figure 13: Si templates available for GBT fabrication from the project start (left) and an improved 
version being fabricated at IHP (right). 

Task 5.3: GBT Proof-of-Concept Device Fabrication 
Proof-of-concept GBTs have been fabricated at KTH on template wafers provided by IHP. Thermally grown 
SiO2 and ALD deposited Al2O3 were used as barrier dielectrics and transferred CVD graphene as the base. 
DC functionality has been demonstrated and published [11] (Figure 14). A schematic of the band structure, 
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including band-offsets drawn to scale, and measured IV characteristics are shown in Figure 15. A new batch 
of devices is in preparation on optimized templates and with lower barrier dielectrics. Finally, to realize the 
graphene base heterojunction transistor proposed in Task 2.1, Si growth on graphene transferred to Si/SiO2 
templates is explored at IHP. 

 
Figure 14: Schematic of the fabricated GBTs and top-view micrograph of a GBT. 

 

 
Figure 15: Band struture of the proof-of-concept device (a) and measured current-voltage charateristics. 

Task 5.4: GBT Device Integration (IHP, IFX, KTH, USIEGEN)  
Work on the integration of graphene and in particular GBTs into CMOS environment was planned initially 
for year 3 of the project, but has been already started at IHP. Transfer of small CVD graphene pieces (~1x1 
cm) onto pre patterned 8-inch wafers was established (Figure 16). A first batch of wafers with discrete 
GBTs was processed in the pilot line of IHP. Now, the focus is on the investigation of possible cross-
contamination caused by graphene and its transfer from Cu substrates. Initial ICPMS measurements do not 
show any contamination of processing tools with Cu. However, ToF-SIMS analysis performed on the as 
transferred graphene samples shows significant levels of residual Cu (not detectable with XPS but with ToF 
SIMS), which can be dangerous especially if graphene is to be integrated into the front-end environment. 
Further cross-contamination measurements are being performed to reveal the potential impact of the 
graphene transfer and the GBT fabrication scheme on the standard CMOS processes running in the pilot line 
of IHP.  
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Figure 16: 200 mm wafer with graphene chips prepared for integration trials in IHPs pilot line. 
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WP6 Device Characterization, Compact Modeling and Circuit Design 
 
Objectives	   	  
6.1	   Electrical Characterization of GBTs and GFETs 

DC and RF characterization of GFET and GBT devices will, along with the simulation and 
modeling results from WP2, provide final proof of the investigated concepts. These data will 
also serve as basis for: i) compact modeling validation; ii) estimation of the potential GFET 
and GBT performance in circuits and for benchmarking of GFET and GBT against other 
well-established high frequency transistor technologies (e.g. SiGe HBTs, IIIV HEMTs). 
Conclusions with respect to the (dis-)advantages of the graphene devices and impact on high 
frequency circuits and system applications will be drawn. 

6.2	   Parameter extraction and compact modeling for circuit design with GFETs & GBTs 
The objectives are twofold: i) Research and development work on novel compact transistor 
model formulations for GFET and GBT. ii) Delivery of accurate compact model parameters 
for circuit design based on novel/improved methodologies for compact model parameter 
extraction. 

6.3	   Circuit design 
One of the objectives of the project is to demonstrate that graphene transistors can be used in 
the millimeter wave range. The GBT and GFET transistor concepts will be evaluated for high 
frequency circuit configuration. Hence, we plan to design circuits beyond the state of the art 
in term of working frequency such as LNA and Mixer. 

6.4	   Investigation of compatibility with CMOS technology integration 
Potential issues concerning the integration with the mainstream Si technology will be 
analyzed from a design point of view. We will identify potential advantages of graphene 
devices with respect to other RF technologies (based on electrical measurements on 
demonstrators and simulations) and their implications for circuit and system applications. 
 

Summary: Progress towards Objectives 
Progress towards objective 6.1 is as planned. Proof-of-concept GBTs have been fabricated by KTH in WP5 
and have been characterized in DC condition, demonstrating Ion/Ioff ratios between 103 and 105. Extensive DC 
and AC characterization has been performed on GFETs built at IEMN, as well as high frequency noise 
characterization of the same technology.  

Progress towards objective 6.2 is slightly ahead of schedule. A first large signal compact model developed 
by UB1 has been validated on measurement. A second model was developed by KTH in close cooperation 
with UB1 with the objective of developing a simplified GFET model that can be used by circuit designers to 
do hand-calculations. Finally, UB1 performed a parameter extraction based on a small signal model (for RF 
including high frequency noise) using measurement from IEMN GFETs. 

Work on task 6.3 has already started. KTH has analyzed the non-linearity of GFETs in a circuit configuration 
and UB1 has evaluated the GFET in LNA configuration using the model extracted from GFETs built in 
IEMN. 

Task 6.1 DC and RF Characterization of GFETs and GBTs, extraction of 
performance indicators  
Extensive DC and AC characterization has been performed on GFETs built at IEMN (Figure 17), as well as 
high frequency noise characterization of the same technology. The first DC characterization of GBTs built in 
KTH has also been performed. 
 
DC and S parameter characterization of GFET from IEMN in collaboration with UB1 
The output characteristics of a graphene FET with a 150 nm gate length and W=24 µm are shown in Figure 
18. Transfer characteristics and associated DC transconductance of the same device are shown in Figure 19. 
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An output current of up to 2 mA/µm as well as a transconductance of 0.16 mS/mm are achieved. S parameter 
characterization has been performed up to 20 GHz on the same device. A pad (open) deembedding has been 
performed giving extrinsic performances of about fT=8 GHz and fMAX=7 GHz. A second device with a width 
equal to 6 µm has also been characterized and shows improved performances with maximum 
gM = 0.25 mS/mm and with fT = 12.5 GHz and fMAX = 10 GHz. Finally, the best performance is obtained with 
a gate length of 100 nm and W = 12 µm: at the optimum bias point, gM = 0.275 mS/mm, fT = 25 GHz and 
fMAX = 19 GHz (Figure 20). 

 
Figure 17: SEM image of a GFET on SiC. 
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different VGS for a GFET transistor with 
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Figure 19: Drain current IDS (red) and 

transconductance gM (blue) versus VGS for 
different VGS for the same device. 
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Figure 20: Magnitude of extrinsic H21 

versus frequency for optimum bias point. 
Measurement is in symbol and simulation 
results of small signal model are in solid 

line. 
 

HF noise characterization of GFET from IEMN in collaboration with UB1  
For the first time, NF50 characterization has been performed directly on GFETs in the frequency range from 
2 to 6 GHz. A very high noise level is obtained under 50 Ohm impedance due to a strong mismatch at the 
input of the device (due to high input impedance). The comparison between the NF50 measurement and 
simulation is shown in Figure 21. Using the small signal model, NFmin has been deduced and plotted versus 
frequency (Figure 22). These results have been presented at IMS SEATTLE 2013 conference. 
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Figure 21: NF50 characterisation versus 
frequency and for different bias conditions for 
the same device (W = 24 µm) and associated 
compact model. 
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Figure 22: NFmin versus frequency at optimum 
bias point for two different transistors W=6µm, 
and W = 24 µm (VDS = 3V, VGS = -2V). 
 

A new test bench for noise characterization is under development at UB1. It uses the source-pull method, 
which allows matching the device to extract directly the NFmin parameter.  

DC characterization of the GBT device from KTH 
The characterization included measurements of carrier transport through the top and bottom insulation 
layers, which showed very high breakdown voltages for both emitter-base and base-collector dielectrics [14]. 
This allowed the design and the process optimization to achieve the first proof-of-concept GBTs. The DC 
transfer characteristics demonstrate one of the initial claims of the proposal, namely that the state of the 
device can be modulated through the base voltage. In the current first device generation, Ion/Ioff ratios 
between 103 and 105 have been achieved ([11], Figure 23). 

 
Figure 23: Transfer characteristics of a GBT. The graphene base voltage is swept from 0 to 6 V (red) 
and back to 0 V (blue) while biasing the emitter and the collector at 0 and 8 V, respectively [2]. 

Task 6.2: Parameter extraction and compact modeling for circuit design with 
GFETs & GBTs 
GFET compact model developed at UB1 
A new scalable electrical compact model for the Graphene FET devices has been developed. Starting from 
Thiele’s quasi-analytical model [16], the equations were modified to be now compatible for SPICE-like 
circuit simulation. Compared to the Meric et al. model [17], the charge model has been improved. The new 
large signal model has been implemented in Verilog-A code and can now be used for simulation in a 
standard circuit design environment such as Cadence or ADS. The model has been verified using measured 
data and various measurements from the literature as described in Figure 24. The model was published in 
[18]. The model has been further verified in collaboration with KTH and then transferred for circuit design 
simulation. 
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GFET compact model developed at KTH 
During the first part of the project we have been working in close cooperation with UB1 with the objective of 
developing a simplified GFET model that can be used by circuit designers. By studying the compact 
analytical model developed at UB1 [18], we have derived a simple closed-form expression for the drain 
current that can be used by circuit designers to do hand-calculations. This expression follows very accurately 
the complete analytical model for the regions of interest in circuit design (Figure 25). In addition, it gives a 
better understanding of the impact of technology parameters on the electrical behavior of the GFET devices. 
This work has been submitted for publication [19]. With the support of this simple model, a mask was 
designed to fabricate graphene circuits. Currently, we are in the process of fabricating a new generation of 
chips (fabrication is done in cooperation between KTH and USIEGEN). 

 
Figure 25: Drain current ID calculated using the complete (closed symbols) and the simplified model 
(open symbols). 
 
GBT compact model 
Work is scheduled to start at month 13. 

Task 6.3: Circuit design 
Nonlinearity of the GFET Transconductance (KTH) 
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Figure 24: Fig. 6.2.1 IDS versus VDS for different VGS values from -2V to 0V, measurement in 
symbol and compact model simulation in solid line. Lg=3µm, Lg=1µm, Lg=0.44µm. 
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A key application of GFETs is in the field of high frequency RF systems. A challenge in these systems is to 
detect very weak signals in the presence of strong interference. Very tough linearity requirements are 
imposed in the RF circuits in order to avoid issues such as harmonic distortion, intermodulation, cross-
modulation, self-mixing, spectrum regrowth, etc. At very high frequencies, linearization techniques such as 
negative-feedback have limitations (low loop-gains, instability) and are generally not applicable. Therefore, 
the non-linearities in RF blocks are ultimately defined by the non-linearity of the amplifying devices. This 
part of the project focused on studying the static non- linear behavior of the GFET transconductance, which 
is one of the dominant sources of non-linearities in the GFET device. By using a Taylor expansion on our 
simplified drain current expression, we have been able to extract mathematic expressions for second, and 
third order harmonics, and for second and third order intercept points (IIP2, IIP3). We have simulated 
harmonic distortion and two-tone intermodulation tests of GFETs using the complete analytical model in the 
Cadence environment (Figure 26) and compared it to our expressions (Table 2). The comparison has shown 
that our expressions follow very closely the simulations. This work will continue with a comparison with 
experimental results. 

 
Figure 26: Spectrum	  of	  a	  two-‐tone	  test	  simulation	  of	  a	  GFET	  transistor	  in	  Cadence.	  

	  
Table 2: 

 
 
LNA design for GFET benchmarking (UB1) 
In order to evaluate GFETs in circuit environments, we proposed a simplified design of a low noise amplifier 
(LNA) circuit (Figure 27). This specific LNA has been optimized for operation at 2 GHz. We have optimized 
the input and output impedance matching as shown on the magnitude of S11 and S22 parameters (Figure 28). 
As a first attempt, we used ideal passive elements. Input and output matching is optimized with S11 = -
14.3dB and S22 = -10.6dB at 2 GHz (Figure 28). Stability is ensured using a parallel resistor of 10 kΩ on the 
input and an inductor in the source of the device. Note that this resistor does not penalize strongly the noise 
figure and increase K factor at low frequency (<1.6 GHz). The stability factor is presented in Figure 29. 
Finally, we selected the optimum bias point around VGS = -2V and VDS = 3V and a power gain of 
|S21| = 5.2 dB is obtained with a reverse isolation of |S12| = -10.6dB. The associated noise figure is 2.1 dB at 
2 GHz. 
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Bias	  Tee Bias	  Tee

 
Figure 27: Schematic of an LNA circuit using GFETs. 

 
Figure 28: Simulation results of the S parameters for the LNA circuit. 

 
Figure 29: Simulation results of the noise figure (green curve) in dB and the stability factor K (blue curve) from 

the LNA circuit. 
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Project management during the period 

Task 1.1 Grant Agreement and web site 
The Grant Agreement has been negotiated and signed by all partners. 

The project website (www.grade-project.eu) is online since November 2012 (D1.1). It is frequently updated 
to include latest publications and results from the consortium. 

A secure, non-public website was set up by partner IHP to share meeting presentations, meeting minutes, 
other confidential material and to support the patenting process where applicable.  

Task 1.2: Kick-off meeting, regular meetings 
The kick-off meeting was held in Kista, Sweden on October 1st and 2nd, 2012, on the day of the official start 
of the project. It was hosted by partner KTH. 

The scheduled half-year meeting was held in Regensburg, Germany on April 10th and 11th, 2013. It was 
hosted by partner Infineon. 

Monthly telephone meetings are held on Work Package level, hosted by the WP leaders.  

Task 1.3: Deliverables, milestones, cost statements and audits 
The deliverables, milestones and cost statements for the first period have been delivered on time. Audits are 
not yet due. 

Task 1.4: Dissemination & Exploitation 
Several patents have been filed in the course of the project by partners Infineon and IHP. 

One patent by USIEGEN is currently under discussion with Dr. Lippert (Patent Awareness Officer). 

A high number of papers in high impact journals on Nanotechnology and Microelectronic Engineering has 
been published or submitted. In addition, a high number of conference presentations, including invited and 
Keynote lectures as well as workshops at prestigious conferences is contributing to the dissemination of the 
project. Finally, the Governing Board decided to sponsor a session on graphene at the 2012 E-MRS spring 
meeting. 

Problems and Solutions 
There are currently no problems related to the management of the consortium. 

Changes in the Consortium 
The coordinator, Prof. Lemme, accepted a faculty position at the University of Siegen in Germany in 
November 2012, one month after the start of the project. The solution was to accept the University of Siegen 
as a consortium partner, with funds and tasks split between Siegen and KTH. Prof. Lemme thus continues to 
be the coordinator of GRADE. All administration issues connected with the move have been resolved in 
close collaboration with the Project Officer. The official amendment has been finalized in April 2013. 

List of project meetings and dates 
Meeting	   Date	   Location	  
Kick-‐off	  meeting	   1.Oct.2012-‐2.Oct.2012	   Kista,	  Sweden	  (KTH)	  
Half-‐year	  meeting	   10.Apr.2013-‐11.Apr.2013	   Regensburg,	  Germany	  (IFX)	  
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Project planning and status 
The project is running according to schedule. There are no external developments that require the consortium 
to change its initial plans. 

Impact of possible deviations from the planned milestones and deliverables 
Not applicable 

Any changes to the legal status of any of the beneficiaries, in particular non-
profit public bodies, secondary and higher education establishments, 
research organisations and SMEs 
Not applicable 

Development of the Project website 
Ongoing, as results and events are occurring 
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Deliverables and milestones tables 
Deliverables   

 
TABLE 1. DELIVERABLES 

 

Del. 
no.  

Deliverable name Version WP 
no. 

Lead  
beneficiary 

 
Nature Dissemination  

level4 
 

Delivery date 
from Annex I 
(proj month) 

Actual / 
Forecast 
delivery date 

Dd/mm/yyyy 

Status 

Not 
submitted/ 

Submitted 

Contractual 

 

Yes/No 

Comments 

D1.1 Project Website  1 7 O PU 3 30.11.2012 Submitted   

D2.1 Exploration of the 
GFET and GBT 
design spaces 
(materials and 
device structures) 

 2 4 R CO 12 31.10.2013 Submitted   

D4.1 Basic process 
modules for GFET 
fabrication 

 4 6 R CO 12 31.10.2013 Submitted   

D5.1 Basic process 
modules for GBT 
fabrication 

 4 7 R CO 12 31.10.2013 Submitted   

D6.1 DC and RF 
characterization of 
first GFETs 

 6 5 R PU 9 31.10.2013 Submitted   

 

                                                        
4  PU = Public 

PP = Restricted to other programme participants (including the Commission Services). 
RE = Restricted to a group specified by the consortium (including the Commission Services). 
CO = Confidential, only for members of the consortium (including the Commission Services). 
Make sure that you are using the correct following label when your project has classified deliverables. 
EU restricted = Classified with the mention of the classification level restricted "EU Restricted" 
EU confidential = Classified with the mention of the classification level confidential " EU Confidential " 
EU secret = Classified with the mention of the classification level secret "EU Secret " 
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Milestones 
 

 
TABLE 2. MILESTONES 

 

 

Milestone 
no. 

Milestone name Work 
package no 

Lead 
beneficiary 

Delivery date from 
Annex I 

dd/mm/yyyy 

Achieved 
Yes/No 

Actual / Forecast 
achievement date 

dd/mm/yyyy 

Comments 

MS1 Definition of materials and 
geometry for most promising 
device structures and definition 
of template 

WP2 4 30/09/2013 YES 30/09/2013  

MS7 GFETs on Si face SiC and on 
SiO2/Si with CVD graphene 
available 

WP4 6 30/04/2013 YES 30/04/2013 Demonstrator 
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Explanation of the use of the resources 
 
Please provide an explanation of personnel costs, subcontracting and any major costs incurred by each beneficiary, such as the purchase of important 
equipment, travel costs, large consumable items, etc., linking them to work packages.  
 
There is no standard definition of "major cost items". Beneficiaries may specify these, according to the relative importance of the item compared to the total 
budget of the beneficiary, or as regards the individual value of the item. 
 
These can be listed in the following tables (one table by participant): 

 
 

TABLE 3.1 PERSONNEL, SUBCONTRACTING AND OTHER MAJOR   COST ITEMS FOR BENEFICIARY 1 FOR THE PERIOD 

Work Package Item description Amount in € 
with 2 decimals 

Explanations  

4 Personnel direct costs 2.679,00 € Salaries of 1 PhD student since 09/2013 
4 Other direct cost 2.994.00 € Consumables 
4 Other direct cost 892,00 € Travel cost 
1 Other direct cost 1.500,00 € Sponsoring of E-MRS session on graphene 
1  1.834,00 € Travel Stockholm 
1 Other direct cost 908,00 Publication Nano Letters 
 Indirect costs 6.494,00 €  

TOTAL COSTS5  17.319,00 €  
 
IFX 

 
TABLE 3.1 PERSONNEL, SUBCONTRACTING AND OTHER MAJOR COST ITEMS FOR BENEFICIARY 2 FOR THE PERIOD 

INFINEON TECHNOLOGIES AG 
Work 

Package 
Item description Amount in € 

with 2 decimals 
Explanations  

3 Personnel direct costs 83.139,00 € Personnel costs for 10,95 PM 
3 Other direct costs 13.689,00 € Consumables 
1 Personnel direct costs 15.544,00 € Personnel costs for 2,05 PM 
    

                                                        
5  Total costs have to be coherent with the costs claimed in Form C. 
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 Indirect costs 60.994,00 €  

TOTAL COSTS6  173.366,00 €  
 
IHP 

 
TABLE 3.3 PERSONNEL, SUBCONTRACTING AND OTHER MAJOR   COST ITEMS FOR BENEFICIARY 3 (IHP) FOR THE PERIOD (PRELIMINARY) 

Work Package Item description Amount in € 
with 2 decimals 

Explanations  

2,3,5,6 (RTD) Personnel direct costs 125.450,24 salary for 3 scientists and 1 Ph. D. student (20,74 PM) 
1 (MAN) Personnel direct costs 6.545,05 salary for 1 scientist (1,04 PM) 
 Consumables 11.571,44 2 sets of lithography masks, laboratory consumables (pipettes, chemicals, etc.), 

shipping costs 
 Travel 2.124,14 Lippert Levi 03/13 Euro-MBE2013 invited talk, Lippert Regensburg 04/13 meeting 

at Infineon, Lippert Chemnitz 06/13 Graphene Week, Lupina/Dabrowski/Lippert 
Berlin 09/13 PDI Top. Workshop on MBE-grown Graphene2013 

 Indirect costs 181.704,72  
TOTAL COSTS7  327.395,59  

requested Funding 249.435,61  
 
 
IUNET and THIRD PARTIES 

 
TABLE 3.4 PERSONNEL, SUBCONTRACTING AND OTHER MAJOR   COST ITEMS FOR BENEFICIARY 4 FOR THE PERIOD 

Work Package Item description Amount in € 
with 2 decimals 

Explanations  

1, 2, Personnel direct costs 170.364,00 UNIBO: WP2: Salaries of 2 postDocs and two Professors: (Dr. Di Lecce 9 pm; Dr. 
Grassi 8 pm; Prof. Giorgio Baccarani 1,27 pm; Prof. Antonio Gnudi 2,00 pm. Tot. 
20,27" 
UNIPI: WP2: Salary of Giuseppe Iannaccone (1manmonth); Gianluca Fiori 
(3manmonths), Qin Zhang (6manmonths), Demetrio Logoteta  
(8manmonths); Total 18 pm; 
WP1: Salary of Giuseppe Iannaccone (1manmonth) 
UNIUD: Salaries of 3 professors and 1 research for 9,21 Man/month (prof. Palestri 

                                                        
6  Total costs have to be coherent with the costs claimed in Form C. 
7  Total costs have to be coherent with the costs claimed in Form C. 



 34 

2,10 pm; prof. Esseni 1,90 pm; prof. Selmi 2,05 pm; researcher 
Driussi 3,16 pm) 
 

2 Travel costs 6680,00 UNIBO: WP2: Prof. Baccarani and Prof. Gnudi: Regensburg (11-12/04/2013) 
Review meeting; Project Meeting Stockholm 
(01-02/10/2012); Di Lecce, Bucarest (16-20/09/2013) ESSDERC 2013 
UNIPI: WP2: Kick Off meeting, Periodic project meetings of G. Iannaccone, G. 
Fiori 
UNIUD: WP2. Dr. Driussi, Regensburg D, meeting GRADE 

 Indirect costs 106224,00  
TOTAL COSTS8  283267,00  

 
IUNET 

 
TABLE 3.4.1 PERSONNEL, SUBCONTRACTING AND OTHER MAJOR   COST ITEMS FOR BENEFICIARY 4 FOR THE PERIOD 

Work Package Item description Amount in € 
with 2 

decimals 

Explanations  

 Personnel direct costs   
 Subcontracting   
 Major cost item 'X'   
 Major cost item 'Y' ………..   
 Remaining direct costs   
 Indirect costs   

TOTAL COSTS9  No costs  
 
UNIBO 

 
TABLE 3.4.2 PERSONNEL, SUBCONTRACTING AND OTHER MAJOR COST ITEMS FOR BENEFICIARY 4 FOR THE PERIOD 

 
Work Package Item description Amount in € 

with 2 decimals 
Explanations  

2 Personnel direct costs 60.980,00 Salaries of 2 postDocs and two Professors: (Dr. Di Lecce 9 pm; Dr. 
                                                        
8  Total costs have to be coherent with the costs claimed in Form C. 
9  Total costs have to be coherent with the costs claimed in Form C. 
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Grassi 8 pm; Prof. Giorgio Baccarani 1,27 pm; Prof. Antonio Gnudi 
2,00 pm. Tot. 20,27" 

2 Travel costs 3.576,00 Prof. Baccarani and Prof. Gnudi: Regensburg (11-12/04/2013) 
Review meeting; Project Meeting Stockholm 
(01-02/10/2012); Di Lecce, Bucarest (16-20/09/2013) ESSDERC 
2013 

 Indirect costs 38.733,00  
TOTAL COSTS5 103.289,00  

 
UNIPI 

 
TABLE 3.4.3 PERSONNEL, SUBCONTRACTING AND OTHER MAJOR COST ITEMS FOR BENEFICIARY 4 FOR THE PERIOD 

 
Work Package Item description Amount in € 

with 2 decimals 
Explanations  

2 Personnel direct costs 49.815,00 Salary of Giuseppe Iannaccone (1manmonth); Gianluca Fiori (3manmonths), Qin 
Zhang 
(6manmonths), Demetrio Logoteta (8manmonths); Total 18 pm; 

1 Personnel direct costs 6.918,00 Salary of Giuseppe Iannaccone (1manmonth) 
2 Travel costs 2.548,00 Kick Off meeting, Periodic project meetings of G. Iannaccone, G. Fiori 
 Indirect costs 35.567,00  

TOTAL COSTS5 94.848.00  
 
UNIUD 

 
TABLE 3.4.4 PERSONNEL, SUBCONTRACTING AND OTHER MAJOR COST ITEMS FOR BENEFICIARY 4 FOR THE PERIOD 

 
Work Package Item description Amount in € 

with 2 decimals 
Explanations  

2 Personnel direct costs 52.651,00 Salaries of 3 professors and 1 research for 9,21 Man/month (prof. Palestri 2,10 pm; 
prof. Esseni 1,90 pm; prof. Selmi 2,05 pm; researcher Driussi 3,16 pm) 

2 Travel costs 556,00 WP2. Dr. Driussi, Regensburg D, meeting GRADE 
 Indirect costs 31.924,00  

TOTAL COSTS5 85.131,00  
 
UB1 
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TABLE 3.5 PERSONNEL, SUBCONTRACTING AND OTHER MAJOR COST ITEMS FOR BENEFICIARY 5 FOR THE FIRST PERIOD 

Work 
Package 

Item description Amount in € with 2 decimals Explanations  

WP6 Personnel costs 80.342,00 € Personnel costs corresponding to the work done by 2 professors and one engineer 
(for UB1) and one permanent researcher (for the third party CNRS) for a total of 
11,269 p/m 

 Subcontracting 0,00 €  
WP6 Major cost item 'X' 2.436,00 € Travels and conference expenses 
 Major cost item 'Y'   
 Remaining direct costs   
 Indirect costs 49.666,00 €  

TOTAL COSTS10  132.444,00 €  
 
IEMN 
Lille 

 
 

TABLE 3.6 PERSONNEL, SUBCONTRACTING AND OTHER MAJOR COST ITEMS FOR BENEFICIARY 6 FOR THE PERIOD 

Work 
Package 

Item description Amount in € with 2 decimals Explanations  

3 Personnel costs  68.545,00 € 13.81 MM 
two permanent researchers and one postdoctoral student 

4 Personnel costs  50.107,00 € 14.11 MM 
one permanent researcher and one PhD 

6 Personnel costs   7.016,00 € 0.65 MM 
one permanent researcher 

 Direct costs   2.100,00 € Lab costs 
 Direct costs   6.606,00 € Travel costs 
 Indirect costs  80.624,00 €  

TOTAL COSTS11  214.998,00 €  
 
KTH 

                                                        
10  Total costs have to be coherent with the costs claimed in Form C. 
11  Total costs have to be coherent with the costs claimed in Form C. 
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TABLE 3.7 PERSONNEL, SUBCONTRACTING AND OTHER MAJOR   COST ITEMS FOR BENEFICIARY 7 FOR THE PERIOD 

Work 
Package 

Item description Amount in € with 2 decimals Explanations  

5 & 6 Personnel costs  67.769,00 € Salaries of one PhD, one professor and one researcher  
1 Personnel costs 5.808,00 € Salaries for management by Max Lemme, Coordinator  
5 Other direct costs 4.731,00 € Travel cost One PHD: 

Grade project meeting, Germany,10-12april 2012 
EMRS meeting,France-Strausbourg26-30 may 2013  
71th Device research conference in South Bend , 23 june-4 july 2013 

5 Other direct costs 15.694,00 € Lab costs 
1 Other direct costs  3.417,00 € Travel and organization costs for coordinating the project(October-December 

2012): 
Kick-Off Meeting, Stockholm -Kista 1-2 Oct 2012 
GRADE Meeting with IFX and IHP - Contractual issues,n Munchen, 15-16 
October 2012 
European Microwave Symposium, Invited talk, 29October 2012 Amsterdam 

1 Other direct costs 1.146,00 € A Webpage for Grade  
1,5,6 Indirect costs 59.138,00 €  

TOTAL COSTS12  157.703,00 €  
 
 

 

                                                        
12  Total costs have to be coherent with the costs claimed in Form C. 
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Person-Month Status Table 
 
 

 
Workpackage13 WP1 WP2 WP3 WP4 WP5 WP6 TOTAL per 

Beneficiary 

 
 
 
 

Actual 
WP 
total 

Planned 
WP 
total 

Actual 
WP 
total 

Planned 
WP 
total 

Actual 
WP 
total 

Planned 
WP 
total 

Actual 
WP 
total 

Planned 
WP  
total 

Actual 
total 

Planned 
WP total 

Actual 
WP 
total 

Planned 
WP total 

Actual 
WP 
total 

Planned 
WP 
total 

 
Coordinator 
USIEGEN 

0 6 0 0 0 6 0.95 24 0 12 0 0 0.9514 48 

Beneficiary 2 
IFX 

1 3 0 0 12 39 0 12 0 12 0 24 13 90 

Beneficiary 3 
IHP 

1.06 3 1.88 6 10.36 18 0 0 5.92 18 4.70 18 23.92 63 

Beneficiary 4 
IUNET 

1 3 43 73 0 0 0 0 0 0 0 6 44 82 

Beneficiary 5 
UB1 

0 0 0 0 0 0 0 0 0 0 11.269 48 11.269 48 

Beneficiary 6 
IEMN 

0 0 0 0 12.5 
 

41 14.4 
 

45 0 0 6.7  
 

25 33.6 111 

Beneficiary 7 
KTH 

0.9 0 0 0 0 0 0 0 9.6 42 2.7 18 13.2 60 

                                                        
13  Please indicate in the table the number of person months over the whole duration for the planned work, for each   workpackage by each beneficiary 
14  USIEGEN is payingthe salary of the coordinator, (Max Lemme) and one PhD student who has worked partly on the project, but does not show up in this table. 
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ANNEX A - GRADE Publication List 

Journals 
a) S. Vaziri, G. Lupina, A. Paussa, A. D. Smith, C. Henkel, G. Lippert, J. Dabrowski, W. Mehr, 

M. Östling, M. C. Lemme "A manufacturable process integration approach for graphene 
devices," Solid-State Electronics, 84, pp. 185-190, Jun 2013. 

b) S. Vaziri, G. Lupina, C. Henkel, A. D. Smith, M. Östling, J. Dabrowski, G. Lippert, W. Mehr, 
M. C. Lemme "A graphene-based hot electron transistor," Nano Letters, 13, pp. 1435-9, Apr 
2013. 

c) G. Fiori, G. Iannaccone "Multiscale Modeling for Graphene-Based Nanoscale Transistors", 
Proceedings of the IEEE, 101, pp.1653-1669, 2013 

d) G. Fiori, S. Bruzzone, G. Iannaccone "Very Large Current Modulation in Vertical 
Heterostructure Graphene/hBN Transistors ", IEEE Transactions on Electron Devices, 60, 
pp.268-273, 2013 

e) F. Driussi, P. Palestri, and L. Selmi, "Modelling, simulation and design of the vertical 
Graphene Base Transistor", Microelectronic Engineering, 109, pp. 338-341, 2013; DOI: 
dx.doi.org/10.1016/j.mee.2013.03.134 

f) A. Paussa and D. Esseni, “An exact solution of the linearized Boltzmann transport equation 
and its application to mobility calculations in graphene bilayers”, Journal of Applied Physics, 
113, p. 093702, 2013; DOI: dx.doi.org/10.1063/1.4793634 

g) E. Moreau, S. Godey, X. Wallart, I. Razado-Colambo, J. Avila, M.C. Asensio, D. Vignaud, 
"High-resolution angle-resolved photoemission spectroscopy study of monolayer and bilayer 
graphene on the C-face of SiC", Physical Review B 88, 075406 (2013), 
DOI: dx.doi.org/10.1103/PhysRevB.88.075406 

h) G. Lupina, M. Lukosius, J. Kitzmann, J. Dabrowski, A. Wolff, W. Mehr, „ Nucleation and 
growth of HfO2 layers on graphene by CVD“, Applied Physics Letters, accepted 2013 

i) Fregonese, S., Magallo, M., Maneux, C., Happy, H., Zimmer, T., “Scalable electrical compact 
modeling for graphene FET transistors”, IEEE Transactions on Nanotechnology 12 (4), 
6497529 , pp. 539-546, 2013, 10.1109/TNANO.2013.2257832 

j) G. Fiori, S. Bruzzone, G. Iannaccone, “Very Large Current Modulation in Vertical 
Heterostructure Graphene/hBN Transistors”, IEEE Transactions on Electron Devices, 60(1), 
pp. 268-273, 2012. 

k) R. Grassi et al., “Contact-Induced Negative Differential Resistance in Short-Channel 
Graphene FETs”, IEEE Transactions on Electron Devices, 60(1), pp. 140-146, 2013. 

l) V. Di Lecce et al., “Graphene Base Transistors: A Simulation Study of DC and Small-Signal 
Operation”, IEEE Transactions on Electron Devices, 60(10), 2013, DOI 
10.1109/TED.2013.2274700 

m) V. Di Lecce et al., “Graphene-Base Heterojunction Transistor: an Attractive Device for 
Terahertz Operation”, IEEE Transactions on Electron Devices, 99, 2013, DOI: 
dx.doi.org/10.1109/TED.2013.2285446 
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Invited Lectures 
a) D. Vignaud, "Graphene growth (for device applications)", Graphene RF Nanoelectronics 

Workshop, European microwave week, Amsterdam, Netherlands, October 28-November 2, 
2012 

b) D. Vignaud, "Graphene growth: from graphitisation to molecular beam epitaxy", European 
workshop on heterostructure technology, Barcelona, Spain, November 5-7, 2012 

c) D. Vignaud, "Graphene growth by molecular beam epitaxy (on SiC)", European Molecular 
beam epitaxy workshop, Levi, Finland, March 10-13, 2013 

d) E. Moreau, S. Godey, X. Wallart, I. Razado-Colambo, J. Avila, M.C. Asensio, D. Vignaud, 
"Graphene growth by molecular beam epitaxy (on SiC)", PDI topical workshop on MBE-
grown graphene, Berlin, Germany, September 19-20, 2013 

e) I. Razado-Colambo, J.P. Nys, X. Wallart, E. Moreau, S. Godey, J. Avila, M.C. Asensio, D. 
Vignaud, "Scanning tunnelling microscopy and angle-resolved photoelectron spectroscopy 
studies of graphene on SiC (C-face) substrate grown by Si flux-assisted molecular beam 
epitaxy", PDI topical workshop on MBE-grown graphene, Berlin, Germany, September 19-20, 
2013 

f) G. Fiori, G. Iannaccone, "On the perspective of state-of-the-art graphene devices for 
nanoelectronics", Workshop "From carbon Nanotubes to graphene: the key materials of the 
future?", Brescia, Italy 

g) G. Fiori, G. Iannaccone, "Limits and perspective of graphene based devices for electronic 
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