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New facilities



•  New 8” CVD system

•  Cleanroom class ISO7

•  GO pilot plant 1Tone/year










Clean	room	CVD	graphene		 GO	Pilot	plant		
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Reduced	graphene	oxide		

Functionalized	graphene	oxide	

Customised	functionalization:	
•  Compatibilisation	with	matrix	

Graphenea GO Product Range


Graphene	oxide	

Form	 Dispersion	of	graphene	oxide	sheets	

Particle	size	

D90	29.05	-	32.9	μm	

D50	14.30	-	16.6	μm	

D10	5.90	-	6.63	μm		

pH	 2,2-2,5	

Carbon	 49-56%	

Hydrogen	 0-1%	

Nitrogen	 0-1%	

Sulfur	 2-4%	

Oxygen	 41-50%	

SEM	image	

Form	 Powder	

Electrical	conductivity	 ≈	667	S/m		

BET	surface	area	 422.69-499.85	m2/g	

Particle	size	(z-sizer	in	NMP	at	0,1	
mg/mL):		

260-295nm	

Density	 1,91	g/cm3	

Carbon	 77-87%	

Hydrogen	 0-1%	

Nitrogen	 0-1%	

Sulfur	 0%	

Oxygen	 13-22%	

SEM	image	



Graphene	on	different	substrates	

Easy	transfer	graphene	

Graphenea CVD Product Range


Graphene	on	Cu	

Raman shift (cm-1) 

In
te

ns
ity

 (a
.u

.) 
 

Sacrificial Layer


Graphene


Polymer


Water


Sacrificial Layer


Graphene


Your Substrate


Solvent/Thermal


Graphene


Your Substrate


1.	Release	 2.	Transfer	 3.	Removal	

G/Cu
 G/SiO2/Si




Graphenea CVD production capacity roadmap


PHASE	0	
1	cm	x	1	cm/2	hour	

PHASE	2	
8”	wafer/	30	min	

PHASE	3	
12”	wafer/30	min	

Roll-to-Roll	300	mm	wide	

2010-2012
 2013-2014


PHASE	1	
4”	wafer/	2	hour	

2015-2016
 2017-…


1,000 cm2/year
 85,000 cm2/year

1,000 x 4” wafers/year)


2,250,000 cm2/year

7,000 x 8” wafers/year




+15,500,000 cm2/year





CMOS compatible


RESEARCH
 DEVELOPMENT
 COMMERCIAL


310 $/cm2
 5 $/cm2
 < 0.80 $/cm2




< 0.25 $/cm2




Graphene films 


Mechanical exfoliation


CVD Graphene


GROWTH	 TRANSFER	 INTEGRATION	



•  Current Capacity: 4’’ wafer!
•  Next: 8” wafer!

Nucleation	 Coalescence	 Continuous	film	

time	

Catalyst:	Cu	foil	

•  Homogeneous growth
•  >95% Monolayer 

•  Few defects

•  Good properties

•  Optimized transfer process

v  Advantages:
	

GROWTH	
Monolayer Graphene 


Chemical Vapour Deposition (CVD)




CVD Graphene Transfer


Graphene on catalyst

Graphene onto 


the desire substrate


•  The quality of the transfer and the substrate supporting graphene together with the 
quality of the interface between graphene and the substrate have large impacts on 

the properties of graphene and device performance


TRANSFER	

G/Cu	



Importance of the substrate!
CVD Graphene Transfer


The	type	of	substrate	will	define	the	transfer	process	

TRANSFER	

•  Size:	1x1mm2	up	to	4”	

•  Shape:	rectangular,	circular..	

•  Type	of	Material:	CaF2,	Si3N4,	Al2O3..	

•  Roughness	

•  Hydrophobicity	

•  Structured	substrates	

•  Perforated	substrates:	holes,	cavities	

•  Water	soluble	substrates	

•  Number	



CVD Graphene Transfer


•  Wet	Transfer	

•  Dry	Transfer	

•  Semi-dry	Transfer	

TRANSFER	

There is no standard process for all the substrates and applications




CVD Graphene characterisation

Scanning Electron Microscopy (SEM) Transmission Electron Microscopy (TEM) 

Electronic characterisation


X-Ray Photoelectron Spectroscopy (XPS) 

2µm	

5 µm 
0 nm 

Atomic Force Microscopy 

ANALYSIS	



ü Monolayer continuous films!
ü  Polycrystalline: grain sizes up to 20μm!

G	

2D	

D	

CVD Graphene characterisation

ANALYSIS	



Electronic characterisation 

Substrate influence on mobility 

neumaier@amo.de     www.amo.de 
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Electrical characterization (F532) 
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• Mobility 1500-2000 cm²/Vs (measured over some devices) 
• Doping modest, n0~ 2*1012 /cm² 
• Hysteresis in the right picture related to the substrate 
• Quite asymmetric p and n type behavior 
• Shoulders visible in some devices (not shown here) 
• Good Ion/Ioff of ~7 
 

Substrate effect on Graphene
INTEGRATION	



Ambient air, organic solvents, chemicals, lithography 
resist!

ü  Lead to graphene doping and hysteretic behaviour in DC 
characteristics of FETs!

!
Encapsulation of graphene with Al2O3!

!

INTEGRATION	
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Electrical characterization (F532) 
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Encapsulation


A.A.	Asade	et.al.	Nanoscale	7,	3558	(2015)	



ü  Direct deposition of Al2O3 by ALD!
ü  Al seed layer growth by e-beam evaporation + Al2O3 by ALD!

A.A.	Asade	et.al.	Nanoscale	7,	3558	(2015)	

INTEGRATION	
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Encapsulation




Direct growth of Al2O3 by ALD!
ü  Hysteresis!
ü  Not stable over time!

A.A.	Asade	et.al.	Nanoscale	7,	3558	(2015)	

Al seed layer + Al2O3 by ALD!
ü  No hysteresis!
ü  Stable over time!

neumaier@amo.de     www.amo.de 
5 

Electrical characterization (F532) 

-25 -20 -15 -10 -5 0 5 10 15 20 25
0

500

1000

1500

2000

2500

3000

3500

4000

Sample F532
1 Device (w=20µm, l=9µm)
Ni Contacts, opt. Litho
Annealed at 225 °C for 1h
µ = 1500 - 2000 cm²/Vs
n

0
 = 2*1012 /cm²

 

 

R
S

he
et
 (

sq
)

U
BG

 (V)

-6 -4 -2 0 2 4 6

500

1000

1500

2000

2500

3000

3500

4000
 

 

Sample F532
1 Device (w=20µm, l=9µm)
Ni Contacts, opt. Litho
Annealed at 225 °C for 1h
µ = 1500 - 2000 cm²/Vs
n

0
 = 2*1012 /cm²

R
S

Q
 (

)

U
BG

 (V)

• Mobility 1500-2000 cm²/Vs (measured over some devices) 
• Doping modest, n0~ 2*1012 /cm² 
• Hysteresis in the right picture related to the substrate 
• Quite asymmetric p and n type behavior 
• Shoulders visible in some devices (not shown here) 
• Good Ion/Ioff of ~7 
 

INTEGRATION	 Encapsulation




Statistical analysis of 500 GFETs


•  Mobilities up to 6,900cm2/Vs on passivated devices

•  75% of passivated transistors exhibited a conductance minimum and low 

hysteresis


Graphene Integration

INTEGRATION	

S.	Mzali	e	et.al.	Appl.	Phys.	Lett.	109,	253110	(2016)	

image of a typical graphene device is presented in Fig. 1(b).
It corresponds to a Hall bar structure with a well-defined
graphene channel and with metallic contacts deposited by
evaporation.

Fig. 2(a) shows the process flow for graphene-based
devices fabrication without any protection/passivation layer.
Graphene devices are fabricated using both standard photoli-
thography and electron beam lithography. First, the metallic
alignment marks are realized by the lift-off technique. Then,
we pattern photoresist pads to define the graphene channel
by oxygen plasma etching. Eventually, we define source/
drain electrodes using a lithography step followed by Ti/Au
(20 nm/80 nm) layer evaporation and a subsequent lift-off
process. Thus, in this first set of devices, the graphene layer
is directly exposed to fabrication processes and to air. In par-
allel, a second set of devices (see Fig. 2(b)) is prepared with
a similar fabrication process flow, except that a protection
layer is introduced. It is a thin (1 nm) aluminum layer depos-
ited on top of the transferred graphene layer by electron
beam evaporation. This thickness has been chosen to ensure
full oxidation of the Al film in O2 atmosphere. This layer
avoids graphene contamination during the fabrication pro-
cess; it suppresses graphene contact with photoresists, sol-
vents, chemicals, etc., and thus acts as a protection layer.
Then, we perform lithographic steps to pattern graphene
channels and to define metallic source/drain contacts. The

Al2O3 layer is removed solely on contact areas prior to metal
deposition in a Tetramethylammonium hydroxide (TMAH)
based solution. A third set of devices (see Fig. 2(c)) is pre-
pared with the same protection layer and with a post-
fabrication 30 nm thick Al2O3 film deposited by ALD.20,21

Complementary techniques such as optical microscopy,
micro-Raman spectroscopy, and Atomic Force Microscopy
have been then used to characterize the resulting graphene
layers. In particular, as presented in Fig. 3, we probe the
preservation of graphene quality after Al2O3 deposition with
Raman spectroscopy: we compare spectra of as-transferred
graphene and graphene channels after deposition of both
Al2O3 layers. Raman spectra are obtained in air at room tem-
perature with an excitation wavelength of 514 nm. The black
curve for as-transferred graphene shows a typical Raman
spectrum with the G and 2D peaks located at 1593 cm!1 and
2690 cm!1, respectively, and with the quasi absence of
D peak. First, we note that the intensity ratio of the G to the
2D peak is of about 0.3 and that the 2D band is a single sharp
peak,22 which confirms that our film is monolayer gra-
phene.23,24 Importantly, the ratio ID/IG of D to G peak inten-
sities is below few percent, which indicates a very low
amount of disorder in our graphene layers. We then probe
the impact of the protection/passivation process on the gra-
phene layer. The blue curve in Fig. 3 corresponds to a
Raman spectrum of a protected and passivated graphene film
(Fig. 2(c)). We do not observe any variation of the D peak
intensity after the deposition of these two films. Thus, we
can conclude that our alumina passivation process does not
introduce any structural defects in the graphene film, which
is a major assessment towards our objective of identifying a
large-scale high quality graphene platform.

We now turn to electrical characterization of the fabri-
cated devices to study the effect of graphene passivation on
the doping level. The electrical measurements were carried
out with a probe station at room temperature and in ambient

FIG. 1. (a) Large-scale monolayer CVD graphene transferred onto a 4
inches SiO2/Si wafer and (b) SEM observation of Hall bar structures.

FIG. 2. Process flows of graphene
devices fabrication without any protec-
tion/passivation layers (a), with protec-
tion process (b), and with protection/
passivation process (c).

253110-2 Mzali et al. Appl. Phys. Lett. 109, 253110 (2016)

air. As a reference, the transfer curve of a graphene device
without protection/passivation (process in Fig. 2(a)) is mea-
sured. It displays a highly p-doped behavior as the conduc-
tance minimum cannot be obtained for gate fields up to
0.5 V/nm (grey curve in Fig. 4(a)). This observed behavior
shows that a specific fabrication process has to be used to
strongly reduce graphene doping. In comparison, the purple
curve in Fig. 4(a) shows the transfer characteristics of a typi-
cal graphene device fabricated with the protection/passiv-
ation process (process in Fig. 2(c)). In contrast to the first set
of devices with bare graphene channels, this device shows a
conductance minimum for a gate field (Emin) close to 0 and a
good control of the conductance.

A statistical study was carried out on our graphene devi-
ces. The results are illustrated in Fig. 4(b). To compare
GFETs with our three different fabrication processes, we
show the percentage of GFETs exhibiting an Emin value below
E1¼ 0.17 V/nm (15 V on 90 nm SiO2/Si) and E2¼ 0.034 V/
nm (3 V on 90 nm SiO2/Si). E1 is relevant for discrete compo-
nents operated from the charge neutrality point with 15 V
power supply and E2 is an even more stringent requirement
for low power 3 V electronics (JEDEC standards definition25).
We note that while voltage values are given for 90 nm SiO2

which optimizes graphene optical contrast,26 thinner gate
oxides could be implemented. For devices based on bare gra-
phene, Emin is never observed below E1. On the contrary,
58% of protected devices and 75% of protected/passivated

devices showed Emin below E1. We also analyzed the percent-
age of devices that exhibit an Emin below E2. The percentage
of devices satisfying this criterion is only 3% for the protected
devices but attains 40% when the two-step protection and pas-
sivation process is performed.

For each measured transistor, we extracted the residual
charge density from the Emin value. Fig. 5 shows the residual
doping histograms with protection or protection/passivation
process. For the (only) protected devices, the distribution
maximum is in the 2.5–3" 1012/cm2 range and 100% of the
graphene channels are p-doped. For the protection/passivation
process, the distribution maximum is clearly shifted to the
0–5" 1011/cm2 range and graphene channels are n or
p-doped. Thus, the whole two-step process leads to transistors
based on very low doped graphene. We note that these devi-
ces are characterized by very low Emin values (<E2). Very
interestingly, this should allow a significant fabrication yield
for devices operating at charge neutrality point (such as opto-
electronics devices9) with even a very low power supply.

We now turn to the gate field hysteresis statistics per-
formed on devices with Emin<E1. The purple curve in Fig. 6
shows the transfer characteristics of a graphene device fabri-
cated with the protection/passivation process (third process in
Fig. 2(c)). This device shows a conductance minimum for a
gate field below E2 and also displays no hysteresis. The per-
centage of protected and protected/passivated devices that dis-
play a hysteresis below DE1¼E1/10¼ 0.017 V/nm is,
respectively, 66% and 73% (Fig. 6(b)). Besides, with a more
stringent criterion (hysteresis below DE2¼E2/10¼ 0.0034 V/
nm), the percentages become 44% for protected/passivated
devices and only 8% for only protected devices. Even more
remarkable, 23% of working protected/passivated devices
exhibit no hysteresis (the percentage is 1% without passiv-
ation). These results highlight the necessity of performing
both protection and passivation layers to obtain hysteresis free
graphene devices based on very low doped graphene.
Importantly, we observed the stability of these results in time,
a crucial requirement for applications, over a period of more
than 1 month thanks to the passivation process.

While not being the main motivation of our work, the
impact of graphene passivation on electrical parameters,

FIG. 4. (a) Typical transfer characteris-
tics of GFETs fabricated on SiO2/Si sub-
strates without the passivation process
(grey curve) and with the protection/pas-
sivation process (purple curve) under
ambient conditions. (b) Percentage of
devices exhibiting a conductance mini-
mum for a gate field below E1 (0.17 V/
nm) and E2 (0.034 V/nm) for each fab-
rication process: without protection/
passivation, with only the protection
layer, and with both protection and
passivation layers. Among the 500 gra-
phene devices that have been tested,
about 1/3 of them are fully passivated
with both protection and passivation
layers.

FIG. 3. Raman spectra of graphene films transferred on the Si/SiO2 substrate
(black curve) and of the graphene channels after (blue curve) the deposition
of the Al2O3 protection/passivation layers. The excitation wavelength is
514 nm.
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especially the mobility, was investigated as well. The graphene
mobility was extracted by fitting the total measured resistance
of the graphene device with the commonly used constant
mobility model.27 Illustratively, the field effect mobility of the
protected/passivated device presented in Fig. 1(b) is about
6.900 cm2/Vs, which is comparable to its Hall-mobility value
of 6.100 cm2/Vs. These values are similar to carrier mobilities
reported in the literature for CVD graphene.15,27

In summary, a large statistical study of transistor charac-
teristics was conducted on devices based on a commercially
available large scale CVD graphene source. We defined a
fabrication process integrating an oxidized Al film per-
formed after graphene transfer and an Al2O3 ALD layer
deposited after device fabrication. This allowed us to demon-
strate a scheme to fabricate transistors based on low-doped
graphene and exhibiting small hysteresis with a high yield.
75% of the devices showed characteristics compatible with
discrete electronic components and strong potential for low
power applications has been demonstrated. This stabilized
graphene platform paves the way for further investigations
of the potential of graphene in electronic applications.

This study was partly funded by the European Union
through the projects Grafol (No. 285275) and Graphene
Flagship (No. 604391 and Core1 No. 696656), and by the

Marie-Curie-ITN 607904-SPINOGRAPH. Stephan Hofmann
acknowledges funding from EPSRC under grant GRAPHTED
(project reference EP/K016636/1).
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under ambient conditions. (b) Gate field hysteresis statistics on devices satis-
fying Emin<E1, with the protection process and the protection/passivation
process. Devices are sorted as a function of their hysteresis amplitude (DE)
with: DE1 and DE2 corresponding to 10% of E1 and E2 fields.

253110-4 Mzali et al. Appl. Phys. Lett. 109, 253110 (2016)



ü  30 GHz optoelectronic mixing!
ü  Frequency down conversion to 100MHz!
!

INTEGRATION	

A.	Montanaro	et.al.	Nano	Lett.	16,	2988	(2016)	

Graphene optoelectronic mixer




The	application	will	define	the	graphene	requirements	

APPLICATIONS	

•  Properties: Mobility, sheet resistance, transparency… 
 
•  Contamination limits: polymer residues, metal content 
 
•  Integration: Suspended, back-end, front-end.. 

Encapsulation	

MoO3/G	

G	

Doped	Graphene	Multilayer	samples	
Stacking	

Suspended	graphene	

Graphene Integration




Graphene biosensors


Surface plasmon resonance (SPR) - real time detection 
& monitoring of biological binding processes at solid 
interfaces!

ü  Conventional SPR nanomolar sensitivity!
ü  Not sufficient for gene expression and cancer markers 

(femto to attomolar required)!

APPLICATIONS	



Graphene biosensors


Point of care sensor for the detection of folic acid protein 
(FAP) !

ü  FAP is associated with numerous malignancies and are 
over-expressed in many human epithelial-derived tumors!

ü  Specific recognition of FAP based on the interaction 
between folic acid receptors integrated through π stacking 
on the graphene and the FAP analyte in serum!

L.	He	et.al.	Biosens.	Bioelectron.	(2016)	

APPLICATIONS	



Graphene biosensors


ü  FA immobilised onto graphene coated SPR chips by drop casting 
followed by dipping into mixture of HS and BSA (to prevent non-
specific adsorption)!

ü  Interaction with FAP by injecting FAP in HS (500fM)!

L.	He	et.al.	Biosens.	Bioelectron.	(2016)	

The excellent sensing properties of graphene-coated SPR chips are
related to the spontaneous adsorption of hydrophobic domains or
π-systems on graphene, enabling easy immobilization of the target
bioreceptor units (Singh et al., 2015; Szunerits et al., 2013; Za-
gorodko et al., 2015). Monolayers of graphene on SPR interfaces
have been used by us (Szunerits et al., 2013; Zagorodko et al., 2015,
2014) and more recently by Cosnier and co-workers (Singh et al.,
2015) for the construction of sensitive DNA, protein and immuno
sensors. However, the advantage of such interfaces for the sensi-
tive detection of biomarkers in serum has not been addressed yet.

This study reports on the beneficial properties of graphene-
based SPR for folic acid protein (FAP) sensing in human serum.
Folic binding proteins, also known as folate receptors, are asso-
ciated with numerous malignancies and are over-expressed in
many human epithelial-derived tumors where levels as high as
22 pM can be reached (Eichner et al., 1978). Given that human
serum is free of FAP, detection of FAP in serum has been used as a
strategic target for the early state detection of cancer. A variety of
different methods have been investigated for FAP detection such
as fluorescence imaging and radio-labeled assays, which are rather
costly and time consuming (Eichner et al., 1978; Jiang et al., 2015;
Moon et al., 2003; Song et al., 2012). Quartz crystal microbalance
(QCM) and electroanalytical approaches have been proposed as
alternatives (Castillo et al., 2013; He et al., 2016; Henne et al.,

2006; Jiang and Wang, 2014; Li et al., 2014; Wang et al., 2014; Wu
et al., 2009) with detection limits in the picomolar range. SPR has
been used for the determination of FAP in milk using a folic acid
modified SPR interface (Nygren et al., 2003) with a detection limit
of 2.63 nM and a linear range between 3 and 26 nM.

We show here that a femtomolar detection limit of FAP in
human serum can be reached using anti-fouling folic acid mod-
ified graphene SPR interfaces. A number of strategies have been
developed to reduce nonspecific binding of clinical serum samples
such as the incorporation of ethylene glycol units onto the sensing
surface (Ayela et al., 2007; Krishnan et al., 2011). In this study, we
demonstrate that human serum itself in combination with bovine
serum albumin (BSA) can be used for blocking non-specific inter-
actions. The graphene-based SPR sensor is thus, well adapted to be
used for the analysis of biomarkers in clinical samples.

2. Experimental part

2.1. Materials

Bovine serum albumin (BSA), polyethylene glycol
(Mw¼1.5 kDa), fibrinogen from human plasma, folic acid (FA),
folic acid protein (FAP), lysozyme and sodium dodecyl sulfate
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Fig. 1. (A) XPS C1s high resolution core level spectrum of graphene-coated interface; (B) Schematic presentation of the formation of an anti-fouling folic acid modified SPR
sensor; (C) XPS survey spectrum of folic acid modified graphene-coated SPR chip.
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L.	He	et.al.	Biosens.	Bioelectron.	(2016)	

(SDS) were purchased from Aldrich and used as received. Human
serum (HS) was kindly provided by CHU Lille.

2.2. Fabrication of graphene-on-metal SPR interfaces (Au/rGO)

The graphene-on -metal SPR interfaces are commercially pro-
vided by Sensia. As reported previously (Zagorodko et al., 2015,
2014), graphene was synthesized on polycrystalline Cu foils in a
cold walled chemical vapor deposition (CVD) reactor as reported
previously (Li et al., 2009). The CVD grown graphene was trans-
ferred onto gold SPR interfaces by a wet chemical transfer process
by spin-coating polymethylmethacrylate (PMMA) onto the gra-
phene-coated Cu foil, baking at 150 °C for 2 min and then slowly
cooled to room temperature. Backside graphene was removed by
oxygen plasma treatment and copper was dissolved using a
commercial copper etchant solution (Transene). The PMMA layer
was removed by dipping the sample in acetone for 30 min and
finally a thermal annealing at 500 °C was performed.

2.3. Functionalization of graphene coated SPR interfaces

Folic acid (FA) was immobilized onto graphene-coated SPR in-
terfaces by simple drop-casting 150 mL FA (100 nM, PBS pH¼7.4)
and incubating overnight at 4 °C. After being washed with PBS
solution, the modified interfaces were dipped into a mixture of

concentrated HS and BSA (40 nM) with a 1:1 volume ratio for 12 h
in order to prevent non-specific adsorption.

The interaction with folic acid proteins (FAP) was carried out by
injecting 120 mL of FAP (1 fM to 1 pM) in HS over the graphene
modified SPR interfaces at a flow rate of 7 mL min"1 followed by
washing with serum for 10 min at a flow of 15 mL min"1. The in-
terfaces could be regenerated by injection of 1% SDS in water for
7 min at a flow of 25 mL min"1.

2.4. Instrumentation

Scanning electron microscopy (SEM) images of the films were
obtained using FEI Nova NanoSEM 450 scanning electron micro-
scope with FEG (field emission gun, Schottky type) systems
equipped with an energy dispersive X-ray analyzer at an accel-
erating voltage of 20 kV.

X-ray photoelectron spectroscopy (XPS) was performed on a
PHl 5000 VersaProbe " Scanning ESCA Microprobe (ULVAC-PHI,
Japan/USA) instrument at a base pressure below 5#10"9 mbar.
Core-level spectra were acquired at pass energy of 23.5 eV with a
0.1 eV energy step. All spectra were acquired with 90° between
X-ray source and analyzer. After subtraction of the Shirley-type
background, the core-level spectra were decomposed into their
components with mixed Gaussian-Lorentzian (30:70) shape lines
using the CasaXPS software. Quantification calculations were
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Fig. 2. Formation of anti-fouling interface: Influence of surface chemistry on the SPR response upon addition of human serum on folic-acid modified graphene interface
immersed for 12 h in PEG (40 nM), BSA (40 nM), human serum (concentrated) and into a mixture of concentrated HS and BSA (40 nM) with a 1:1 volume ratio; (B) SPR
response upon addition of human serum spiked with folic acid protein (FAP) (1 pM) or lysozyme (1 pM) onto HS:BSA blocked folic-acid modified graphene interface.
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Graphene biosensors

ü Detection limit of FAP was ≈5fM!

L.	He	et.al.	Biosens.	Bioelectron.	(2016)	

groups on the sensor interface (Indyk and Filonzi, 2004). In the
case of graphene-coated SPR interfaces, π-stacking interactions
between the pteridine ring on the folic acid and the graphene
structure are used for the integration of folic acid receptors on the
sensing interface (He et al., 2016). The integration of folic acid onto
graphene was validated by a change in the water contact angle
from 84° (graphene) to 12° (graphene-folic acid) due to the highly
hydrophilic nature of the receptor. Integration of folic acid was
validated from XPS analysis (Fig. 1C). The presence of N1s (5.7 %) in

addition to Au4f and Au4d, C1s and O1s from the initial interface SPR
interface confirms the folic acid loading of graphene.

One major concern when using graphene-based structures for
sensing is related to the strong interaction with any protein due to
the rich π-conjugation structure of graphene. This is an advantage
for easy receptor binding, but an important issue when it comes to
minimizing non-specific binding interactions. The latter can be
caused by either binding of FAP to non-specific sites on the gra-
phene surface, or by binding of interfering molecules, in particular
human serum proteins and other proteins. To obtain a clinically
relevant analytical approach, it is thus essential to suppress non-
specific binding events from the serum medium. Therefore, folic-
acid modified SPR interfaces were immersed for 12 h into aqueous
solutions of BSA (40 nM), poly(ethylene glycol) (40 nM), con-
centrated human serum (HS) and a mixture of concentrated HS:
BSA (40 nM) (volume ratio of 1:1) and the SPR changes upon ad-
dition of undiluted human serum were investigated. Fig. 2A shows
in form of a bar diagram, that post-modification of folic acid
modified graphene with poly(ethylene glycol) (PEG) units did not
reduce completely non-specific adsorption of serum proteins to
the interface. Incubation in BSA and HS proved to be more effi-
cient. However, using a mixture of concentrated HS:BSA (40 nM)
(volume ratio of 1:1) resulted in a sensing surface with highly anti-
fouling properties, seen in the almost negligible SPR change upon
interaction with HS. The physisorbed HS:BSA species block the
remaining graphene sites, which were not modified by the folic
acid receptor. To ensure that such an interface still allows for se-
lective detection of FAP, human serum was spiked with FAP
(500 fM) or lysozyme (500 fM) and the change in the SPR signal
was determined. As seen in Fig. 2B, the HS:BSA blocked interface,
allows for a selective sensing of FAP with minimized interference
from other proteins.

Although the above initial experiments were performed to
explore the capability of selective capture and detection of FAP,
further studies were explored to show the detection sensitivity.
Sensorgrams for FAP concentrations between 10 fM and 1 pM in
human serum are depicted in Fig. 3A. A linear relationship be-
tween SPR signal and FAP concentration up to 500 fM is observed
with a correlation coefficient of r¼0.999 according to
1.62þ25.85# [FAP] (Fig. 3B). The detection limit of FAP was de-
termined to be E5 fM from five blank noise signals (95% con-
fidence level). This detection limit is clearly in the range that en-
ables using this sensor interface for biomedical analysis, where
FAP concentrations in the low pM range are required. The per-
formance of this type of sensor seems also to be competitive with
other analytical detection approaches (Table 1). It is also an order
of magnitude lower than a recent developed electroanalytical re-
duced graphene oxide based sensor (He et al., 2016).

The reproducibility of the assay for the determination of FAP in
serum spiked with 500 fM FAP is shown in Fig. 4. Over a time span
of 20 days, no significant alteration in the SPR signal and thus in
the determined concentration is observed. This indicates that the
sensor interface, when stored in between experiments at 4 °C, has
a long life time. The sensor surface could in addition be re-
generated by incubating the folic-acid modified interface in 1%
sodium dodecyl sulfate (SDS), which cleaves the folic acid/FAP
interaction.

4. Conclusion

In summary, the exceptional properties of CVD graphene were
exploited to construct a highly sensitive and selective SPR chip for
the sensing of folic acid proteins. The specific recognition of FAP is
based on the interaction between folic acid receptors on the gra-
phene coated SPR interface and FAP in serum. A simple post-

Table 1
(A) Dynamic ranges and detection limits of different analytical platforms for FAP
biomarker sensing and (B) for the detection of different biomarkers using SPR.

(A)

Methodes Interface LOD Linear
range

Reference

QCM Auþ folate/BSAþanti-
FBP

50 pM 50 pM to
2 mM

Henne et al.
(2006)

Fluorescence Ag nanoclusters-coated
DNA /SWCNTs

33 pg/mL 0.1–3 ng/mL Jiang et al.
(2015)

DPV CNTsþsurface tethered
small molecules linked
ssDNA

3 pM 3 pM to
1 nM

Wu et al.
(2009)

DPV Au/rGO-FA 1 pM 1–200 pM He et al.
(2016)

DPV CuNPs-coated DNA/
magnetic graphene

7.8pg/mL 100–
0.01 ng/mL

Zhao et al.
(2015)

EIS AuþFA-linked DNA 3 pM 10 pM to
500 nM

Wang et al.
(2014)

CV Grapheneþpeptide na-
notube-FA

8 nM 8 nM to
13 mM

Castillo
et al. (2013)

SPR GrapheneþFolic acid 5 fM 5–500 fM This work
(B)

biomarker LOD Linear range Ref.

p53 1.06 pM 1.06 pM to
53.2 nM

Wang et al. (2009)

Aβ(1-42) 3.5 pM 0.02–150 nM Xia et al. (2010)
Aβ(1-40) 0.02–150 nM 3.3 pM Xia et al. (2010)
C-reactive protein 5 fg/mL 5–5000 fg/mL Vance and Sandros

(2014)
Prostate-specific
antigen

8.5–1100 pM 8.5 pM Uludag and Tothill
(2012)

Prostate-specific
antigen

300 aM 300 aM to 30 fM Krishnan et al.
(2011)

FAP 5 fM 5–500 fM This work
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Fig. 4. Repeatability of FAP detection in serum spiked with FAP (500 fM) over 20
days using the same sensor.
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Graphene biosensors

ü  Sensor suitable for biomedical analysis – required FAP 

concentrations in the low pM range!

L.	He	et.al.	Biosens.	Bioelectron.	(2016)	

groups on the sensor interface (Indyk and Filonzi, 2004). In the
case of graphene-coated SPR interfaces, π-stacking interactions
between the pteridine ring on the folic acid and the graphene
structure are used for the integration of folic acid receptors on the
sensing interface (He et al., 2016). The integration of folic acid onto
graphene was validated by a change in the water contact angle
from 84° (graphene) to 12° (graphene-folic acid) due to the highly
hydrophilic nature of the receptor. Integration of folic acid was
validated from XPS analysis (Fig. 1C). The presence of N1s (5.7 %) in

addition to Au4f and Au4d, C1s and O1s from the initial interface SPR
interface confirms the folic acid loading of graphene.

One major concern when using graphene-based structures for
sensing is related to the strong interaction with any protein due to
the rich π-conjugation structure of graphene. This is an advantage
for easy receptor binding, but an important issue when it comes to
minimizing non-specific binding interactions. The latter can be
caused by either binding of FAP to non-specific sites on the gra-
phene surface, or by binding of interfering molecules, in particular
human serum proteins and other proteins. To obtain a clinically
relevant analytical approach, it is thus essential to suppress non-
specific binding events from the serum medium. Therefore, folic-
acid modified SPR interfaces were immersed for 12 h into aqueous
solutions of BSA (40 nM), poly(ethylene glycol) (40 nM), con-
centrated human serum (HS) and a mixture of concentrated HS:
BSA (40 nM) (volume ratio of 1:1) and the SPR changes upon ad-
dition of undiluted human serum were investigated. Fig. 2A shows
in form of a bar diagram, that post-modification of folic acid
modified graphene with poly(ethylene glycol) (PEG) units did not
reduce completely non-specific adsorption of serum proteins to
the interface. Incubation in BSA and HS proved to be more effi-
cient. However, using a mixture of concentrated HS:BSA (40 nM)
(volume ratio of 1:1) resulted in a sensing surface with highly anti-
fouling properties, seen in the almost negligible SPR change upon
interaction with HS. The physisorbed HS:BSA species block the
remaining graphene sites, which were not modified by the folic
acid receptor. To ensure that such an interface still allows for se-
lective detection of FAP, human serum was spiked with FAP
(500 fM) or lysozyme (500 fM) and the change in the SPR signal
was determined. As seen in Fig. 2B, the HS:BSA blocked interface,
allows for a selective sensing of FAP with minimized interference
from other proteins.

Although the above initial experiments were performed to
explore the capability of selective capture and detection of FAP,
further studies were explored to show the detection sensitivity.
Sensorgrams for FAP concentrations between 10 fM and 1 pM in
human serum are depicted in Fig. 3A. A linear relationship be-
tween SPR signal and FAP concentration up to 500 fM is observed
with a correlation coefficient of r¼0.999 according to
1.62þ25.85# [FAP] (Fig. 3B). The detection limit of FAP was de-
termined to be E5 fM from five blank noise signals (95% con-
fidence level). This detection limit is clearly in the range that en-
ables using this sensor interface for biomedical analysis, where
FAP concentrations in the low pM range are required. The per-
formance of this type of sensor seems also to be competitive with
other analytical detection approaches (Table 1). It is also an order
of magnitude lower than a recent developed electroanalytical re-
duced graphene oxide based sensor (He et al., 2016).

The reproducibility of the assay for the determination of FAP in
serum spiked with 500 fM FAP is shown in Fig. 4. Over a time span
of 20 days, no significant alteration in the SPR signal and thus in
the determined concentration is observed. This indicates that the
sensor interface, when stored in between experiments at 4 °C, has
a long life time. The sensor surface could in addition be re-
generated by incubating the folic-acid modified interface in 1%
sodium dodecyl sulfate (SDS), which cleaves the folic acid/FAP
interaction.

4. Conclusion

In summary, the exceptional properties of CVD graphene were
exploited to construct a highly sensitive and selective SPR chip for
the sensing of folic acid proteins. The specific recognition of FAP is
based on the interaction between folic acid receptors on the gra-
phene coated SPR interface and FAP in serum. A simple post-

Table 1
(A) Dynamic ranges and detection limits of different analytical platforms for FAP
biomarker sensing and (B) for the detection of different biomarkers using SPR.

(A)

Methodes Interface LOD Linear
range

Reference

QCM Auþ folate/BSAþanti-
FBP

50 pM 50 pM to
2 mM

Henne et al.
(2006)

Fluorescence Ag nanoclusters-coated
DNA /SWCNTs

33 pg/mL 0.1–3 ng/mL Jiang et al.
(2015)

DPV CNTsþsurface tethered
small molecules linked
ssDNA

3 pM 3 pM to
1 nM

Wu et al.
(2009)

DPV Au/rGO-FA 1 pM 1–200 pM He et al.
(2016)

DPV CuNPs-coated DNA/
magnetic graphene

7.8pg/mL 100–
0.01 ng/mL

Zhao et al.
(2015)

EIS AuþFA-linked DNA 3 pM 10 pM to
500 nM

Wang et al.
(2014)

CV Grapheneþpeptide na-
notube-FA

8 nM 8 nM to
13 mM

Castillo
et al. (2013)

SPR GrapheneþFolic acid 5 fM 5–500 fM This work
(B)

biomarker LOD Linear range Ref.

p53 1.06 pM 1.06 pM to
53.2 nM

Wang et al. (2009)

Aβ(1-42) 3.5 pM 0.02–150 nM Xia et al. (2010)
Aβ(1-40) 0.02–150 nM 3.3 pM Xia et al. (2010)
C-reactive protein 5 fg/mL 5–5000 fg/mL Vance and Sandros

(2014)
Prostate-specific
antigen

8.5–1100 pM 8.5 pM Uludag and Tothill
(2012)

Prostate-specific
antigen

300 aM 300 aM to 30 fM Krishnan et al.
(2011)

FAP 5 fM 5–500 fM This work
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Fig. 4. Repeatability of FAP detection in serum spiked with FAP (500 fM) over 20
days using the same sensor.
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Graphene in NEMS/MEMS 


EU	Project:	NanoGram	Consortium		

Courtesy of University of Siegen 

Suspended	graphene	in	pressure	sensors	

•  Development of homogeneous and high quality CVD graphene


APPLICATIONS	

neumaier@amo.de     www.amo.de 
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• Mobility 1500-2000 cm²/Vs (measured over some devices) 
• Doping modest, n0~ 2*1012 /cm² 
• Hysteresis in the right picture related to the substrate 
• Quite asymmetric p and n type behavior 
• Shoulders visible in some devices (not shown here) 
• Good Ion/Ioff of ~7 
 



•  Bilayer CVD Graphene suspended onto 50microns cavities 
that compose the Flagship logo 

Graphene for mechanical pixels 

Graphene Interferometric 

Modulator Display (GIMOD)
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Broadband image sensor array

Graphene-quantum dot photodetector array 
•  Monolithic integration of CMOS ROIC with graphene 

•  Graphene operates as a high mobility phototransistor 

•  QDs sensitising layer (PbS) 

•  Sensitive to UV, visible and IR light (300-2,000nm) 

S.	Goossens	et.al.	Nat.	Photon.	11,	366	(2017)	
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Broadband image sensor array

Operates as digital camera 
•  Graphene-QD image sensor captures reflection images from 

objects illuminated by a light source (office illumination) 

S.	Goossens	et.al.	Nat.	Photon.	11,	366	(2017)	

read-out of the photosignal from pixel to output, and control of the
image exposure and shutter operation. The photosignal per pixel is
acquired through a balanced read-out scheme, as shown in the sche-
matic in Fig. 1b, that consists of the blind pixel (with resistance Rblind)
and a tunable compensation resistance Rcomp in series with the pixel
resistance Rpixel that can be digitally controlled for each individual
pixel. Pixels are addressed sequentially on a row-by-row basis
(rolling shutter) with a frame rate of maximally 50 frames per
second (f.p.s.), limited by the design of the ROIC. At this frame
rate the power consumption of the ROIC is 211 mW. The signal
readout chain (Fig. 1b and Supplementary Fig. 5) is based on a capa-
citive transimpedance amplifier (CTIA) per column that integrates
the current difference between photosensitive and blind pixels. The
amplifier output is sampled, before and after exposure, in a storage
block, also per column, and all column signals are multiplexed into
a common output bus terminal. Finally, a correlated double sampling
(CDS) correction is performed to reduce readout noise and the
resulting output signal Vout is sent to the imager’s analog output.

Digital camera
We first present the main results of our work in Fig. 2, which shows
several types of image that have been captured with our prototype
digital camera comprising the graphene–CMOS image sensor. The
configuration for obtaining these images is schematically illustrated
in Fig. 2a: the graphene–quantum dot image sensor captures reflec-
tion images from objects illuminated by a light source. The greyscale
plots of Fig. 2 are compiled of the normalized photo-signals for each
of the photodetection pixels of the 388 × 288 array, amplified and

multiplexed by the CMOS integrated circuit. Not all of the active
area of the image sensor is covered with graphene due to the
finite size of the CVD graphene sheet and manual alignment of
the transfer (Supplementary Notes and Supplementary Fig. 7); the
pixels that were not covered with graphene and hence did not
show any conductance are represented as continuous grey areas.
The image shown in Fig. 2c was obtained using an image sensor
with CQDs that have an exciton peak at 920 nm, corresponding
to the peak absorption of the CQDs as measured in solution. The
objects were illuminated with visible light with illumination power
of ∼1 × 10−4 W cm–2, which corresponds to office illumination
conditions. We remark that a reasonable fraction of the pixels was
sensitive to much lower light levels (further discussed below), but
the pixel drift and spread in sensitivity were too large to obtain
extreme low-light level images. Further optimization of the fabrica-
tion process and wafer-scale processing can resolve these non-
uniformities. The images shown in Fig. 2b,d,e,g,i were obtained
using an image sensor with CQDs that have an exciton peak at
1,670 nm. For the images in Fig. 2b,e,g,i, we illuminated the
objects with an incandescent light source and filtered all the visible
light from <1,100 nm (Supplementary Methods). For the image in
Fig. 2d, we used the full spectrum of the incandescent source to
illuminate the scene to demonstrate the capability to capture
visible, near-infrared and short-wave infrared light with one
camera. In Fig. 2e,g,i we show different use cases of a SWIR
camera: vision under difficult weather circumstances (Fig. 2e),
silicon CMOS wafer inspection (Fig. 2g) and water detection for
food inspection (Fig. 2i). The capability to capture short-wave
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of the images shown. b, Near-infrared (NIR) and short-wave infrared (SWIR) light photograph of an apple and pear. An incandescent light source (1,000W,
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reference ‘Lena’ printed in black and white on paper illuminated with an LED desk lamp. d, VIS, NIR and SWIR photograph of a box of apples, illuminated
with the same source as in b, but without the 1,100 nm long-pass filter. e,f, NIR and SWIR image of a rectangular block covered in fog (e) as shown in f,
showing that fog is transparent for SWIR light. g,h , NIR and SWIR image of a rectangular block behind a silicon wafer (g) as shown in h , showing that silicon
is transparent for SWIR light. i,j, NIR and SWIR image of a glass of water (i) as shown in j, showing that water absorbs SWIR light. For e,g,i, the same optical
set-up as in b was used. A smartphone camera captured images f,h ,j under office lighting conditions.

ARTICLES NATURE PHOTONICS DOI: 10.1038/NPHOTON.2017.75

NATURE PHOTONICS | VOL 11 | JUNE 2017 | www.nature.com/naturephotonics368

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

read-out of the photosignal from pixel to output, and control of the
image exposure and shutter operation. The photosignal per pixel is
acquired through a balanced read-out scheme, as shown in the sche-
matic in Fig. 1b, that consists of the blind pixel (with resistance Rblind)
and a tunable compensation resistance Rcomp in series with the pixel
resistance Rpixel that can be digitally controlled for each individual
pixel. Pixels are addressed sequentially on a row-by-row basis
(rolling shutter) with a frame rate of maximally 50 frames per
second (f.p.s.), limited by the design of the ROIC. At this frame
rate the power consumption of the ROIC is 211 mW. The signal
readout chain (Fig. 1b and Supplementary Fig. 5) is based on a capa-
citive transimpedance amplifier (CTIA) per column that integrates
the current difference between photosensitive and blind pixels. The
amplifier output is sampled, before and after exposure, in a storage
block, also per column, and all column signals are multiplexed into
a common output bus terminal. Finally, a correlated double sampling
(CDS) correction is performed to reduce readout noise and the
resulting output signal Vout is sent to the imager’s analog output.

Digital camera
We first present the main results of our work in Fig. 2, which shows
several types of image that have been captured with our prototype
digital camera comprising the graphene–CMOS image sensor. The
configuration for obtaining these images is schematically illustrated
in Fig. 2a: the graphene–quantum dot image sensor captures reflec-
tion images from objects illuminated by a light source. The greyscale
plots of Fig. 2 are compiled of the normalized photo-signals for each
of the photodetection pixels of the 388 × 288 array, amplified and

multiplexed by the CMOS integrated circuit. Not all of the active
area of the image sensor is covered with graphene due to the
finite size of the CVD graphene sheet and manual alignment of
the transfer (Supplementary Notes and Supplementary Fig. 7); the
pixels that were not covered with graphene and hence did not
show any conductance are represented as continuous grey areas.
The image shown in Fig. 2c was obtained using an image sensor
with CQDs that have an exciton peak at 920 nm, corresponding
to the peak absorption of the CQDs as measured in solution. The
objects were illuminated with visible light with illumination power
of ∼1 × 10−4 W cm–2, which corresponds to office illumination
conditions. We remark that a reasonable fraction of the pixels was
sensitive to much lower light levels (further discussed below), but
the pixel drift and spread in sensitivity were too large to obtain
extreme low-light level images. Further optimization of the fabrica-
tion process and wafer-scale processing can resolve these non-
uniformities. The images shown in Fig. 2b,d,e,g,i were obtained
using an image sensor with CQDs that have an exciton peak at
1,670 nm. For the images in Fig. 2b,e,g,i, we illuminated the
objects with an incandescent light source and filtered all the visible
light from <1,100 nm (Supplementary Methods). For the image in
Fig. 2d, we used the full spectrum of the incandescent source to
illuminate the scene to demonstrate the capability to capture
visible, near-infrared and short-wave infrared light with one
camera. In Fig. 2e,g,i we show different use cases of a SWIR
camera: vision under difficult weather circumstances (Fig. 2e),
silicon CMOS wafer inspection (Fig. 2g) and water detection for
food inspection (Fig. 2i). The capability to capture short-wave
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with the same source as in b, but without the 1,100 nm long-pass filter. e,f, NIR and SWIR image of a rectangular block covered in fog (e) as shown in f,
showing that fog is transparent for SWIR light. g,h , NIR and SWIR image of a rectangular block behind a silicon wafer (g) as shown in h , showing that silicon
is transparent for SWIR light. i,j, NIR and SWIR image of a glass of water (i) as shown in j, showing that water absorbs SWIR light. For e,g,i, the same optical
set-up as in b was used. A smartphone camera captured images f,h ,j under office lighting conditions.
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o  99.8% of pixels functional 
o  >95% pixels sensitive to irradiance corresponding to partial-moon and twilight 

conditions 

APPLICATIONS	



Ultra-sensitive and low-cost 

Graphene Quantum-Dot Photodetector


Non-invasive health monitoring applications 

APPLICATIONS	



Graphene flexible WiFi receiver


	
•  2.4	GHz	receiver	circuits	on	plastic	
•  Ideal	for	IoT	and	flexible	electronics	

Source:	McKinsey	

APPLICATIONS	



Graphene flexible Hall sensor


	
•  High	sensitivity,	linearity	and	

flexibility	
•  The	key	factor	determining	

sensitivity	of	Hall	effect	sensors	is	
high	electron	mobility			

Source:	Honeywell	

APPLICATIONS	



Challenges


It is necessary to develop a customised material depending on the 
application and provide an easy integration method in order to promote 

graphene into commercial applications 


Graphene	
Customisation	 Integration	Scale-up	



Strategy to aid graphene integration into commercial products 
•  Semiconductor industry not interested in few thousand wafers 

market – fill gap in value chain 

•  Commercialise GFET wafers 

•  Targeted markets: biosensors, sensors (photosensors), etc.  

Integration Opportunities - GFET platform




GFET platform




Graphene market is very small and driven by Research-
related demand


Global	Graphene	market	forecast	($M)	

Source:	Graphenea	estimations	
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Advanced	Composites	
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Time to market – Aerospace industry




Each application requires a specific type and grade of 
graphene
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Advanced materials that needed > 20 yrs

ü  Silicon!

ü  Carbon fibre!

ü  Fluorescent lamp!

ü  Liquid crystals!

ü  Kevlar!

ü  PVC !

ü  PE !

Bell	Labs	1947	



Quantum dots - How things can change dramatically




ü Customised graphene material is required for each 
specific application!

!
ü Many technological challenges still remain!
!
ü Many diverse multifunctional prototypes have been 

successfully fabricated!

ü We hope graphene will be a success story – similar 
to QDs!

!
!

Conclusions



