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ABSTRACT

We demonstrate the growth of multilayer and single layer graphene on copper foil using
bipolar pulsed direct current (DC) magnetron sputtering of a graphite target in pure Ar
atmosphere. Single layer and few layer graphene films (SG and FLG) are deposited at
temperatures ranging from 700-920 °C in less than 30 minutes. We find that the deposition and
post-deposition annealing temperatures influence the layer thickness and quality of the graphene
films formed. The films were characterized using atomic force microscopy (AFM), scanning
electron microscopy (SEM), High resolution transmission electron microscopy (HRTEM),
Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) and optical transmission
spectroscopy techniques. Based on the above studies, a diffusion controlled mechanism was
proposed for the graphene growth. A single step whole blood assay was used to investigate the
anticoagulant activity of graphene surfaces. Platelet adhesion, activation and morphological
changes on the graphene/glass surfaces compared to bare glass were analysed using fluorescence
microscopy and SEM techniques. We have found significant suppression of the platelet
adhesion, activation and aggregation on the graphene covered surfaces compared to the bare
glass, indicating the anticoagulant activity of the deposited graphene films. Our production
technique represents an industrially relevant method for the growth of single and few layer
graphene for various applications including the biomedical field.
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1. INTRODUCTION

Graphene is extensively known to be an outstanding material with unique electronic, optical
and mechanical properties.! It remains an exciting area of research due to its potential
applications in a wide variety of fields such as high performance sensors, bio imaging, drug
delivery, clean and renewable energy, supercapacitors and batteries, flexible touchscreen
displays and ultrafast electronic circuits. “*' In order to take most of these applications to a
manufacturing level, a low-cost, large scale and simple growth technique for good quality
graphene, which meets the efficacy requirement for the respective application, is essential.

To date, there have been numerous approaches for the growth of graphene, such as chemical
vapour deposition (CVD) on metal catalysts,'**® reduction of graphene oxide (GO),*
mechanical exfoliation * and epitaxial growth on SiC,*>'® and most of them have inspired many
possible future device applications. CVD is a technologically pertinent process as it produces
very high quality large-area graphene films, which are transferable to various substrates;
however, it is very sensitive to growth conditions such as gas concentration and deposition time'’
and requires the use of relatively complex set-up for the handling of inflammable carbonaceous
gases. Other popular methods reported for the production of graphene have their own advantages
and limitations. Hence, new, safe and straight-forward methods for the production of good
quality graphene are always beneficial.

Physical vapour deposition (PVD) is a scarcely explored technique for the deposition of
graphene. There have been a few reports on the use of cathode arc deposition and radio
frequency sputtering for the synthesis of FLG.!®?! However, there appear to be no reports on the
utilization of pulsed DC magnetron sputtering (PMS) for the controlled growth of graphene films

from single to few layers. PMS technique has developed by combining the benefits of both DC



and RF magnetron sputtering. It has found increasing attention during the past few decades due
to its several benefits over RF and DC sputtering including the ability to tune the properties of
the film by adjusting the pulse frequency and pulse duty cycle.??* One of the main advantages
of PMS is the higher adatom mobility and enhanced surface diffusion,?* which would be
beneficial for improved diffusion of sputtered carbon adatoms to produce better quality graphene
films. In addition to that, PMS is cheaper and has a higher deposition rate compared to RF
sputtering technology. In this article, we used all the aforementioned benefits of the PMS process
for the controlled growth of good quality graphene films with thickness ranging from 3-4 layers
to a single layer through a diffusion controlled process. Sputtering is known to be an industrially
appropriate manufacturing method for the deposition of large area uniform coatings. Hence, the
development of a simple, benign and low-cost graphene growth process based on sputtering
would be a significant advancement towards the realization of cheap production of this material.
Most importantly, the deposited graphene films by itself show good anticoagulant activity
without any pre-treatment or functionalization, which supports the usefulness of the growth
process for biomedical applications including the design of blood-contacting medical devices.

2. EXPERIMENTAL

2.1. Graphene growth on Cu foils

The Cu foil (0.125 mm thick, 99.9%, Goodfellow UK) was pre-treated with acetone, IPA,
followed by dipping in to dilute nitric acid (sigma Aldrich) for 2 min and rinsing it using DI
water. The cleaned Cu foil is loaded in to the sputtering chamber in which graphite (99.99%
pure, Kurt J Lesker) was used as the sputtering target. An ENI RPG-100 pulse generator was
used to drive a planar magnetron fitted with the target in the power regulation mode. The

chamber was first pumped down to a base pressure of 4.5x10™* mTorr by cryogenic pumping.



The target to substrate distance was adjusted to 9 cm. The power density at the target and duty
cycle of the pulse was optimized to be 5.92 W/cm? and 40%, respectively.

The back side of copper foil was cleaned and the deposited graphene films were then transferred
on to glass and SiO; substrates by removing the Cu using ammonium persulfate etching.

2.2. Characterization

Raman spectra were collected at room temperature using a Jobin Yvon Horiba LabRAM 800
spectrometer equipped with an Olympus microscope (objective 100x) and a 488 nm Ar" laser as
the excitation source. Calibration of the spectrometer was performed using a silicon standard
with a strong band at 520.07 cm™'. The samples were exposed to the laser for 20 s in each scan
and the laser spot size was ~ 1 um. The positions of the peaks were fitted assuming a linear
background and a Lorentz peak shape. Graphene films were transferred to Ni TEM grids and
HRTEM images were recorded using a JEOL 3000F equipped with an Oxford Instruments. The
inter-planar spacing was calculated from HRTEM images using ImageJ software. The
transmittance of the graphene film was investigated using a PerkinEImer Lambda 40 UV-vis
spectrometer. Morphology of the films was investigated using tapping mode atomic force
microscopic (AFM- Veeco Nanoscope Dimension 3100) and scanning electron microscopy
(SEM- SEM (Zeiss EVO LS-15) measurements. The Xx-ray photoelectron spectroscopy (XPS)
analysis was carried out using a VG Microtech electron spectrometer at a base pressure of 1x107°
mbar. The photoelectrons were excited with a conventional Mg Ka (hv = 1253.6 e¢V) x-ray
source and an electron energy analyser operating at a 20 eV pass energy, yielding an overall
resolution of ~1.2 eV.

2.3. Anticoagulation studies



Human fibrinogen (95% clottable and plasminogen depleted) was purchased from Calbiochem
(Merck, KGaA, Darmstadt, Germany). Anti-CD41 mouse monoclonal antibody (clone P2, was
obtained from Immunotech, Marseilles, France), Alexa Fluor 488 labelled goat anti-mouse was
obtained from Invitrogen, (Carlsbad, CA) and 4.5 ml Vacutainer® containing 3.2% sodium
citrate were purchased from Becton Dickenson UK Limited, (Oxford, UK). Blood was collected
by venepuncture through a 19-gauge needle into a 4.5ml Vacutainer® containing 3.2% (v/v)
sodium citrate. The citrated whole blood was used directly in the assay. Whole blood was drawn
from healthy, human volunteers who had not taken any medication for at least 10 days before the
experiment. 50 pL of fibrinogen solution with a concentration of 200 pg/ml was drop-coated
onto a graphene transferred glass slides. The remaining solution from the slide was removed
after an hour. The fibrinogen coated slide was then completely blocked with 1 % BSA solution.
In whole blood assay, 1 ml of blood was added into the fibrinogen coated glass coverslip and
placed in a 35 mm diameter Petri dish. Following blood introduction, the slides were both
incubated at 35 oscillations/min for 30 min at room temperature on a “see-saw’’ rocking platform
(Stuart SSL4, Stone, Staffordshire, U.K.). After 30 minutes, the slides were rinsed with PBS
buffer and then fixed the platelets with paraformaldehyde (PFA) before labelling. The platelets
were labelled using a monoclonal antibody against CD41 and an Alexa-488 fluorescently
labelled secondary antibody. Fluorescence images were collected using an Olympus microscope
with a 40x objective and the excitation line used was 488 nm. To obtain SEM images of the
platelets, fibrinogen- and anti-CD42b antibody-patterned surfaces were incubated with blood,
rinsed, and fixed as before. The samples are dehydrated using different concentration of acetone
solution as described previously. SEM imaging was performed after gold sputtering on the

sample.



3. RESULTS AND DISCUSSION

3.1. Graphene growth

PMS of a graphite target was carried out in a high purity argon (Ar) (purity-99.999%)
atmosphere and the working gas pressure was adjusted to ~4.1 mTorr. The magnetron was
pulsed at a frequency of 150 kHz at a 40% duty cycle. The pre-cleaned Cu foil was loaded on to
a custom-built heating plate which is heated resistively. The Cu foil was heated to ~700 °C at a
higher Ar flow rate (7.5 mTorr) for 5 min to eliminate both surface structural defects and any
surface contamination left on the Cu foil even after pre-cleaning and to increase the copper grain
size in order to facilitate graphene growth. 23 The temperature was then increased to the growth
temperature (varies from 700 °C — 920 °C) and the plasma was ignited to start the sputtering
process by powering the target using a pulsed DC supply. The sputtered carbon atoms were
deposited on to the heated surface of the Cu foil for 12 min. The plasma was then turned off and
the sample temperature was maintained at the growth temperature for a further 3 min. The
substrates were then cooled at a rate of ~5.6 °C/s to a temperature of 250 °C and then at a rate of
~0.4 °C/s down to room temperature. The schematic of the experimental set-up and the graphene

growth temperature profile is shown in Figures 1 (a) and (b).
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Figure 1. (a) Schematic illustration of the experimental set-up used for the growth of graphene

films and (b) temperature profile and procedures used for the growth.

Henceforth, the films grown at temperatures of 700 °C, 750 °C, 800 °C, 850 °C and 920 °C are

called PSG1, PSG2, PSG3, PSG4 and PSGS.

3.2. Structural and optical characterisation of graphene films

Figure 2 shows the AFM height images of pulsed dc sputtered graphene film (PSG) on copper
foil deposited at a temperature of 920 °C (PSG5). The figures display the height images of the
sample on two different regions of the copper foil; one is a relatively flat (Figures 2(a)) and the
other is a sublimation-induced hill and valley formation during graphene growth (Figures 2(b)).2®
Figures 2(c) and 2(d) are the corresponding phase images of figures 2(a) and 2(b). The
sublimation induced features were present on a very small portion of the sample, while leaving

the rest nearly flat. In addition to that, the sublimation effects were negligible in samples grown

at lower temperatures than 920 °C.
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Figure 2. AFM images of the graphene film on Cu substrate grown at a temperature of 920 °C.
(a) Height images of (a) flat and (b) sublimation-induced hill and valley regions of the sample,
respectively. Inset of figures (a) and (b) illustrate the corresponding height profiles along the
blue line marked on the images, (c) Phase image of (a) and (d) Phase image of (b). Scale bars are

5 um in all images.

Recrystallization and grain growth of the underlying copper occurs as the graphene growth
temperature is > 900 °C, which is sufficiently larger than the recrystallization temperature of Cu,
~227 °C. %" The observation of the region as in the hill and valley shapes (Figure 2(a)) is due to
the significant sublimation and the loss of copper due to the high temperature.?® The insets of
Figures 2 (a) and (b) show their respective height profiles along the blue horizontal line drawn on
the images. The height profiles indicate that the surface observed in Figure 2(a) is more uniform
compared to the grainy and hillock features of about 300 nm high and ~ 4 um widths as seen in
Figure 2(b). There are brighter and darker areas corresponding to the higher and lower phase
shift manifested on the AFM phase images in Figure 2 (c) and (d). The AFM phase images
generally represent the nature of the tip-sample surface interaction and reveal information
including hardness, adhesion and elastic modulus. The presence of nanosized features of about
20-200 nm are visible in Figure 2(c), which are believed to be mostly due to the segregation of
contaminants from the bulk of the copper sample,?® however, these features are not easily
distinguishable in the height image (Figure 2(a)). Interestingly, Figure 2(d) shows the phase
contrast between the grains and grain boundaries, which are not well-resolved and clear in the
height image (2(b)). This phase contrast is assumed to be both due to the presence of graphene
covered hills with valleys of uncovered copper in between them?® and non-uniform copper-

graphene layer adhesion in the regions where significant copper sublimation occurred.?



Optical images of the as received bare copper foil and graphene coated copper foil (PSG5) are
indicated in Figures 3(a), (b) and (c) and the corresponding SEM images are presented in Figures
3(d), (e) and (f). The Figures (b) and (e) correspond to the major portion (relatively flat) of PSG5
where sublimation effects were negligible while figures (c) and (f) correspond to the small region
(with hillocks) of the sample where significant copper sublimation occurred. The variation of the
sublimation rate could be due to either the temperature gradient across the sample or the changes
in the crystallographic orientations of copper grains,? or a combination of both effects. Optical
and SEM images of the bare copper foil heated to 920°C for the same duration (Figures S1 (a)
and (b) in the supporting information) do not show the hillock features, which support the view
that the growing graphene sheet on the copper surface provides a barrier against sublimation

leads to the formation of hillock features.2®

Figure 3. Optical and SEM images of bare copper foil (at room temperature) and graphene on
copper foil grown at a temperature of 920°C. Optical images of (a) bare copper foil used for the
graphene growth and (b-c) graphene coated copper foil regions without (flat) and with (hillocks)
considerable copper sublimation. Figures (d), (e) and (f) indicate the corresponding SEM images
of figures (a), (b) and (c), respectively. Scale bars in figures (a-c) are 100um and in figures (d)-

(f) are S5um.
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The surface shown in Figure 3(c) appears to be somewhat rougher than that of Figure 3(b) due to
the presence of higher hill-valley shapes due to copper sublimation. The SEM image (Figure
3(f)) again reveals the manifestation of mounds of around 3-4 um width, however, no noticeable
hillock formation is observed in the sample region shown in Figure 3(e). SEM images of 2-layer
and 3 layer graphene films transferred to and suspended on a TEM grids are indicated in figures

S2 (a) and (b) (Supporting information).
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Figure 4. Optical image and transmittance of transferred graphene films (a) optical image of
graphene film on glass substrate and (b) transmission spectra of graphene films on glass
substrate, spectra 1 and 2 represent graphene films with different thicknesses (1-monolayer, 2-
~3 layers). Scale bar in figure (a) is 100 um.

Figure 4(a) shows the optical image of the graphene transferred on to a glass substrate. The
formation of wrinkles on the transferred films is visible in the image. Figure 4(b) shows the
optical transmission spectra of graphene films transferred onto glass substrates. The two spectra
correspond to the transmittance from the graphene films of two different thicknesses. A
transmittance of ~97.5% at 550 nm for spectrum 1 corresponds to that of the monolayer
graphene (PSG5) and ~93.5% at 550 nm for spectrum 2, which corresponds to 3 layer graphene
films (PSG3) as reported in literature.®3° The layer numbers of PSG samples have further

confirmed using Raman analysis as described in the next section. HRTEM images of the folded
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edges of typical graphene samples grown at temperatures 800 and 750 °C are shown in Figures
S3 (a) and (b) (supporting information), which reveal the presence of ~2-4 layers of graphene
with an inter-planar spacing of ~0.37 nm.*! Optical and SEM images of a typical graphene film
transferred to 90 nm SiO» coated Si wafer are indicated in Figures S4 (a) and (b), respectively

(supporting information).
3.3. Raman Spectroscopy

The formation and presence of graphene was detected and characterised using Raman
spectroscopy, an essential tool to examine the physical properties of graphene. Figures 5(a) and
(b) show the Raman spectra of the films grown on copper foil at various temperatures from 700

°C to 920 °C (samples PSG1- PSG5).
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Figure 5. (a) Raman spectra of the graphene films at various growth temperatures, (b) Raman
spectrum of PSG5 film (grown at 920 °C), (c) Variation of the ratio of the peak intensities lc/l2p
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as a function of growth temperature, (d) 2D Raman mapping of the Ic/l2p ratio of graphene on Cu

foil (21x25 um?).The laser wavelength used was 488 nm.

The prominent Raman peaks of the PSG5 sample (Figure 5(b)) are the 2D band (second order D
peak) at around 2692 cm™ and the G-band (graphite structure) at around 1578 ¢cm™.3% 32 Figure
5(a) reveals that, as the temperature increases from 700 °C to 920 °C, the intensity of the 2D
peak increases while that of the D peak decreases. Figure 5(c) shows the reduction of the
intensity ratio of the peaks lg/lop from 2.5 (PSG1) to 0.28 (PSG5) as a function of growth
temperature from 700 °C to 920 °C, indicating the rise in the degree of graphitization of the film
with temperature. Similarly, the decrease in the intensity of the D peak as a function of the
growth temperature indicates the enhancement in the quality of the deposited graphene films.
The Raman spectrum of the PSG5 film reveals a symmetric 2D peak with a full width at half
maximum (FWHM) of ~28 cm™ and a low lc/l2p value of 0.28, confirming the presence of a
monolayer graphene film.*° In the PSG5 film the D peak is observed only at the noise level
suggesting the presence of fewer defects or sp® carbon atoms,3 which confirms the good quality
of the graphene film comparable with the CVD films.!? The PSG4 sample equally exhibits a
symmetric 2D peak with slightly higher values of FWHM (39 cm™) and lg/l2o (0.4), which fall
within the reported values for monolayer graphene, ** however, it does display a noticeable D
peak (at the edges of graphene) *. The D peak represents a breathing mode of sp? carbon rings
and requires a defect or edge for its activation.*® The D’ band appears close to the G peak at
around 1620 cm™ and represents another weak disorder induced peak.®* The presence of the D
peak is expected due to both the lower deposition temperature and the ion bombardment from the

plasma during sputtering. The ratio of the D peak to the D’ peak is < 3 in the PSG4 film
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indicating mostly boundary-like defects. 3" All the samples studied were post-annealed for 3 min
at the growth temperature after the deposition, as explained in the experimental methods. The
post-deposition annealing has already been reported to be effective in repairing the plasma

created defects in graphene films.?®

Fig. 5(d) displays a 2-dimentional Raman mapping of the Ig /l2p peak ratio of the PSG5 sample
over an area of 21x25 pm?. The ratio map indicates that, most of the (> 85%) scanned sample
surface is covered with monolayer graphene (I /l2p < 0.45) with the remainder consisting of 2
layers 3°. Of particular note is the fact that, using our growth process, most of the sample surface
was covered with graphene films composed of either 1-2 layers or more than 2 layers (at 920
°C). Photographs of the floating graphene in ammonium persulfate solution (figure S5) and
copper foil surfaces before and after graphene deposition (Figure S6) are shown in the supporting
information. We anticipate that further optimization of the sputtering parameters and growth
temperature profiles will improve both the domain size and the quality of the deposited graphene

films.
3.4. Growth mechanism of graphene films

During sputtering, carbon adatoms from the target that are adsorbed on the copper foil, which is
heated to the growth temperature (700 - 920 °C), diffuse along the copper surface and start to
nucleate when a suitable nucleation site is found. At lower growth temperature e.g., 700 °C, the
thermally induced adatom mobility and hence the adatom diffusion rate would be lower. Hence
the probability of carbon adatoms to diffusing a sufficient distance to reach the minimum energy
sites to nucleate or to make a lattice attachment before they are buried by the subsequent layers

would be reduced, and the chance of the perpendicular growth rate increases,*® forming
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multilayer graphene films. In addition to that, at lower temperatures, the adatom desorption rate
from the substrate will also be less,* which will also contribute towards multilayer formation. As
the temperature increases, e.g., >800 °C, the adatom mobility and hence the diffusion rate will be
higher thereby increasing the chance of the lateral growth and larger monolayer graphene
domain formation. The higher desorption rate of the adatoms at elevated temperature *! will also
reduce the likelihood of multilayer formation. Although the probability of a plasma
bombardment created defect would be similar in both higher and lower temperature cases,
healing of the defects would be more pronounced at high temperature post-annealing (e.g., at 920
°C).®® Hence we hypothesise that, since the sputtering time is kept constant, the growth
temperature is the important criterion which controls the number of layers and quality of the
graphene films. However, at higher temperature values, the likelihood of the copper sublimation
also increases and produces copper hillocks underneath the graphene layers, which also affect

further diffusion of carbon adatoms, and reduce the size of the graphene islands.
3.5. XPS characterisation

Figure 6 shows the curve fitted C 1s curve fitted XPS spectra for the PSG3 and PSG4 samples.
There is clear evidence for a prominent asymmetric peak at a binding energy (BE) position of

~284.5 eV which emerges from C=C bonds and is in agreement with the results of Kwon et. al.*?
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Figure 6. XPS C1s spectra from the surface of the graphene grown on copper foil at (a) 800 °C
and (b) 850 °C. The prominent peak at 284.5 eV corresponds to sp? carbon. The pink line
exhibits the Shirley background.

The main peak is associated with sp? carbon, further confirming the formation of graphene. In
order to fit the data effectively, an additional symmetric peak is required on the high binding
energy side of the sp? hybridized component peak at a separation of ~1eV. It is suggested that
this peak is due to the presence of sp? hybridized C-C bonds. # In order to determine the relative
concentrations of the sp? and sp® hybridized C 1s components, the integrated areas were
calculated. A high proportion of the C 1s peak was determined to be due to the presence of sp?
hybridization with concentrations of 76% and 84% in the PSG3 (800 °C) and PSG4 (850 °C)
samples respectively, which again supports the fact that temperature plays key role in
determining the quality of the deposited graphene films. A broad peak at around 288 eV

represents C=0 bond. #2
3.6. Application to anticoagulation

The anticoagulation properties are very important for biomedical application; particularly for

blood-contacting surfaces.** While using blood-contacting medical devices, one of the most
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common issues that lead to complications is the thrombus formation. Hence it is of substantial
interest to develop anti-coagulant surfaces to reduce the failure rate of these devices and to
minimize the medical complications. Platelet adhesion, activation and aggregation are the major
steps in thrombus formation which is mediated by the interaction between receptors in platelets
and subendothelial proteins. Platelets play a critical role in hemostasis, a process of stopping
bleeding at the site of the interrupted endothelium. Adhesion and activation of the platelets result
in the release of chemicals to attract more platelets and triggers a coagulation cascade which then
results in the formation of a plug at the site of the injury (thrombus formation). A single step
whole blood is used to investigate platelet adhesion, activation and aggregation on the graphene

surface.*

Figure 7. (a) Schematic shows captured platelets on fibrinogen coated glass and graphene
surfaces (b) Fluorescence microscopic image of platelets captured on fibrinogen coated glass and
graphene surfaces. Graphene and bare glass region are indicated on the top and bottom region of
the image respectively with the glass-graphene boundary displayed by a white dotted line. SEM
images showing the morphology of the platelets captured on the fibrinogen coated (c) glass and
(d) graphene surfaces.
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Figure 7 (a) shows the schematic of the platelet captured on fibrinogen coated glass and
graphene surfaces. Figure 7(b) depicts the fluorescence image of labelled platelets (green colour
in the image) on fibrinogen (Fg) coated glass and graphene surfaces. The upper part of image (b)
is the graphene covered portion and the lower part is just the bare glass with the glass/graphene
boundary indicated as a white dotted line. The image clearly shows a significant reduction in the
surface density of the adhered and aggregated platelets in the presence of graphene. Figures 7
(c) and (d) are SEM micrographs of platelets bound to Fg on glass and graphene surfaces
respectively. Since platelets change morphology upon activation, SEM images would be an ideal
indicator of platelet activation on these surfaces. The presence of fully spread platelets (fried egg
like morphology), pseudopodia formation and overlapped structures in figure 7(b) confirms a
higher degree of platelet activation and aggregation on Fg/glass surface. *® The capture of an
initial layer of platelets on Fg is observed on for both the graphene and glass regions. However,
significant suppression of the adhesion, activation and aggregation of platelets were observed on
the Fg/graphene surface (Figure 7 (c)), demonstrated by the presence of spherical platelets free

from pseudopodia.

During an injury, initial adhesion of platelets to an external surface results in their full
activation including conformational changes in the integrin GPIIb/Illa receptor on the platelet.*8
GPIIb/1la is the most abundant receptor on the surface of a platelet through which fibrinogen
binds.*” Upon activation, platelets release soluble agonists close to the surface which helps to
recruit more platelets from flowing blood, and this leads to clot formation. The most important
parameter in clot formation is the platelet-platelet interaction through integrin GPIlIb/llla
receptor which happens only after full activation of platelets. Our studies indicated that in the

presence of the underlying graphene layer, both the discoid shape of the platelets is maintained
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after adhesion to fibrinogen and the platelet-platelet interaction is significantly reduced (Figure
7(d)), indicating the potential anticoagulation activity of the surface. It has been reported that
conformation of the adsorbed Fg depends on the surface chemistry of the substrates. 8 Also,
platelet adhesion and activation strongly correlates with the adsorption-induced conformational
changes in Fg.*® Another recent report shows that the lack of charge transfer between graphene
and Fg inhibits platelet activation on the graphene coated implant samples.®® Although, the
mechanism of the anticoagulation activity of our graphene surfaces is not yet clear, we believe
that both the lack of charge transfer and adsorption-induced conformational changes of Fg may
have played a significant role. In order to understand the detailed mechanism of the
anticoagulation activity, a thorough biological analysis will be required, which is beyond the
scope of this article. The excellent anticoagulant activity of the as grown PMS graphene films
would be very beneficial for the design of advanced blood contacting materials and medical

devices.
4. Conclusions

We demonstrate that pulsed DC magnetron sputtering (PMS) is a viable technique for the safe,
simple and controlled growth of good quality single and few layer graphene films in pure Ar
atmosphere. The PMS approach avails of the higher adatom mobility and surface diffusion,
which together with the deposition and post-deposition annealing temperature play significant
roles in determining the quality and layer thickness of the formed graphene films. Raman
spectral analysis confirms the formation of good quality monolayer graphene at a growth
temperature of around 920 °C. The increase of the graphitization of the films as well as the
decrease of defect densities was confirmed as a function of the increase of growth temperature.

The formation of defect-negligible film at the higher growth temperature is explained by the self-
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healing of plasma-induced defects due to the post-deposition annealing. A diffusion mediated
growth mechanism is suggested and we have found that the growth temperature is the important
criterion which controls the thickness and quality of the graphene films. A simple whole blood
assay was performed followed by fluorescence microscopy and SEM analysis to investigate the
platelet adhesion, activation and aggregation on the graphene surface. The potential
anticoagulant activity of the graphene surface was confirmed by the demonstration of the
suppressed adhesion, activation and aggregation of the platelets bound to the Fg/graphene
compared to the Fg/Glass surface. We believe that the PMS technique can be easily extended to
dope and functionalize graphene with various elements by suitable use of gases or targets during

deposition and this would be extremely useful for numerous future applications.
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