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Abstract

Direct graphene growth on silicon with native oxide using Plasma enhanced
Chemical Vapour Deposition at low temperatures [550 °C -650 °C] is demonstrated for
the first time. It is shown that fine tuning of a two step synthesis with gas mixtures
C,HJ/H, yiedd monolayer and few layer graphene films with controllable domain size
from 50 nm to more than 300 nm and sheet resistance ranging from 8 kQ-sq™ to less
than 1.8 kQ-sq™ . Differences are understood in terms of the interaction of the plasma
species -chiefly atomic H- with the deposited graphene and the native oxide layer. The
proposed low temperature direct synthesis on an insulating substrate does not require
any transfer processes and improves compatibility with current industrial processes.

I ntroduction

The recent history of graphene began in 2004 with its isolation from Highly Oriented
Pyrolytic Graphite by mechanical exfoliation. The measurements performed on the
isolated flakes confirmed the exceptional electronic properties of the material, not only
in monolayer graphene but aso in thicker layers.”® Progressively, important studies
were carried out evaluating the physical properties of the material and confirming its
impressive optical,” thermal® and mechanical properties.® The combination of its
superlative properties suggested that graphene could replace and increase the

functionalities of current materials in many applications.” ® However, the integration of
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graphene in existing devices relies on the development of scalable and compatible
methods to produce large area graphene films without degrading their properties. The
first developed method, simultaneous to mechanical exfoliation, was the epitaxial
growth on (0001) SIC wafers by sublimation of the Si , a method well suited for
electronic applications.’ However, sublimation methods are limited to SiC substrates
and also require very high temperatures. Presently, growth by catalytic chemical vapor
deposition (CCVD) has become the most popular and scalable approach for graphene
film synthesis.’® Regarding CCVD methods, growth of graphene has been reported at
temperatures around at 850°C™-750°C* when using acetylene as precursor. However
the unavoidable transfer process is an important drawback. During the transfer,
graphene is separated from the metal catalyst and laid onto a target substrate which
usually leads to damage and contamination of the layers.®® ** In this scenario, the
development of direct, catalyst free, scalable and clean production of graphene films on
arbitrary substrates is an important target to integrate graphene in current technologies.
Direct pyrolytic CVD deposition has been accomplished at temperature >1000
°C on severa surfaces other than SiC such as SigNa,™ *° Al,03,'*° graphite,® h-BN,*
2 §C,* STi0s,® Ge?® 2 fused silica or quartz glasses.®®* Those materias have
demonstrated potential for a broad range of daily life applications. % Similarly, given
that Si based electronic technology is the established standard, it would extremely
interesting to grow graphene on SiO, so as to integrate graphene in Si-based devices.
Many approaches have been recently developed in this area but the high growth

temperature required in these protocols -typically over 1100 °C* 3%

poses some
problems derived from the poor thermal stability of the silicon oxides on Si wafers
during deposition. Among them, desorption of SiOx from the exposed surface® and
diffusion of carbon or silicon species from the interface onto the thermally grown
oxide,?® are well known phenomena that were demonstrated to play an undesirable role
on the structure and quality of the deposited graphene film. These effects are even more
pronounced in Si wafers with thin oxide layers (less than 90 nm)® that, in turn, are an
important issue in CM OS technologies.*

In order to manage the stability issue of the SIO,/Si wafer and the need to avoid
metal contamination, plasma assisted CVD (PE-CVD) should be considered as an
alternative approach to direct deposit graphene at lower T. Severa studies were reported
on the grown of graphene by PE-CVD over Si/SiO, with thick (250-300 nm) and

42, 43

medium oxide layers, resulting in bilayer or few layer graphene with direct
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application in nano-devices.* “° To the best of our knowledge, systematic studies on the
growth and demonstration of monolayer graphene on ultrathin or native silicon oxide
layers by PE-CVD are missing. The task is not an easy one as a growth protocol on this
substrate would certainly require an exquisite control of the interaction with the native
oxide.

In this work, we successfully address the direct growth of graphene on silicon
wafers with ultrathin native oxide layer by remote Electron Cyclotron Resonance
Chemical Vapour Deposition, r-(ECR-CVD) for the first time. This plasma source
provides higher efficiency in the dissociation of gas species than others, and are well
suited for deposition on large areas.*® We use a two-step process to separately control

the nucleation and growth stages of the graphene film,* %’

enabling the fine tuning of
grain size and thickness. The morphology, structure, composition and conductive
properties of the resulting layers have been fully characterized. The substrate
topography was aso analyzed after deposition to confirm its stability under plasma

environment.

Experimental
Graphene synthesis

Plasma assisted r-(ECR-CVD) technique was used for the graphene synthesis from
C,Ho/H, gas mixtures. The ASTEX AX 4500 ECR system employed consists of a
microwave power source, a two zone chamber and a two stage pumping system (see
supplementary fig. S5).*® The gas flow is turbulent in plasma environment,* being the
flow direction perpendicular to the sample surface. High resistivity (p=3000 Q-cm, p
doped) silicon wafers (111) with native oxide were used as substrates. The two-step
process used for graphene formation is aimed at separately controlling graphene
nucleation and growth stages. In the first step, high quality graphitic seeds were
nucleated with controlled coverage and density. In the second step, the edge-growth was
promoted from the nucleated seeds up to graphene film formation. As demonstrated in
our previous work,*” high H, flow is beneficial to enhance the crystallinity of the
deposits and to keep the nucleation density low. We have used the maximum H, flow
(50 sccm) allowed by our experimental set up and H, flow and partial pressure (Py2 =
5.2-:10% mbar) were kept constant throughout the study. Also, the plasma power (200
W) is constant in al experiments. In order to optimize the quality of the graphene
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fabrication, a temperature range from 550 °C to 650 °C was studied for different C,H,
gas flows (and, thus, different gas pressure ratio Pyo/Pcon2). For each temperature (T),
the C,H; flow was tuned for nucleation (from 0.9 to 0.34 sccm) for agiven time (t1) and
subsequently varied (from 0.8 to 0.24 sccm) for the growth step that takes alonger time
(t2). Once the nucleation and growth processes were finished, post-growth annealing of
continuous films at 650 °C was carried out in high vacuum (HV, 10° mbar) for two
hoursin order to improve the final properties of the films.

Graphene characterization

Atomic force microscopy (AFM) measurements were performed with a commercial
head and software from Nanotec™ operated at room temperature. Two different
operation modes were employed: dynamic mode, exciting the tip at its resonance
frequency (~75 kHz) to acquire topographic information of the films grown and contact
mode to sweep away the graphene deposits and measure the thickness. Raman
spectroscopy was carried out by a confocal Raman microscope (Witec apha-300R).
Raman spectra were obtained using a 532 nm excitation laser and a 100x objective lens
(NA = 0.9). The incident laser power was 1 mW. X-ray Photoelectron Spectroscopy
(XPS) was carried out using a PHOIBOS 100 1D electron/ion analyzer with a one
dimensional delay line detector and monochromatic Al Ka anode (1486.6 eV). Ckyv
was recorded with pass energy of 15 eV and a step of 10 meV. The binding energy (BE)
scale was calibrated with respect to the C 1s core level peak at 285 eV. An annealing at
580 °C for one hour was carried out in the ultra-high vacuum (UHV) chamber of the
XPS (base pressure < 2:10°° mbar) to compare the structure of carbon in the films
before and after the annealing. The sheet resistance of the continuous films was
characterized by four point probe measurement (JANDEL RMS2 Universal Probe) with

continuous current (from 1 to 100 pA).

Results and discussion

In each run, a two step synthesis takes place. Firstly, we nucleate graphene seeds a a
given temperature T and Pyo/Pcon2 ratio for afew minutes (t;). Secondly, we varied the
pressure relation Pyo/Pcon2 by modifying the CoH, flow for a growth step during atime

(t2) to enlarge the nuclel from their edges till conforming a continuous film. During our



two step synthesis, in both steps, there exist a competition between the nucleation from
carbon precursor and etching of the carbon deposit by H,/H the plasma species. The
relation H,/C,H, has to be finely tuned to avoid a too high nucleation density due to an
excess of C or the disappearance of the deposit, due to too much hydrogen. The
optimization of the C,H,flow results in the deposition of crystalline graphene in a short
time during the nucleation step leading to alow nucleation density while, in the second
growth step, we optimize the C;H, flow to grow only from the edge of the previously
deposited nuclei. It should be emphasized here that if there were no deposited nuclel the

growth would not occur in the second step in our experimental time window.

First step: Graphene nucleation on Si/SIOy

In order to optimize the synthesis of graphene layers, control of the seed crysta
structure and seed density is a must during the first step of the synthesis. The structure
of nucleated seeds should be purely graphenic in nature and monolayer. The nucleation
density, i. e. the number of seeds per unit area, should be as small as possible, because
this parameter determines the final domain size. However, there is an intrinsic
experimental limitation to assess the quality of a low density seeding as the amount of
deposited carbon is below the detection limit of most of the techniques employed. Even
if the nucleation time (t;) isincreased so as to drastically increase the density of nuclei,
the small size of the individual nuclei makes the characterization of their structure and
thickness difficult. To overcome this difficulties, we applied a short two-step process
with a growth time shorter than the typically used to deposit a continuous film in a
complete synthesis (t;). This strategy has demonstrated good results on other
substrates,*’ and is suitable to accomplish the assessment of the nucleation density,
structure and number of layers. Moreover, in this way it can be verified whether the
growth takes place from the edges or not. Figures 1, 2 and 3 show some representative
examples of the graphenic layers grown on Si/SIOx substrates with different

experimental conditions.



a) C;H, flow (0.5 sccm-0.4 sccm)
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b) C,H, flow (0.42 sccm-0.32 sccm)

Fig. 1 AFM topographic images of graphene nuclei at 650 °C, Py = 5.4x10 mbar, P =
200 W, H,=50 sccm, t;= 5 min t,= 90 min. Vertical scale: 0-3 nm. a) C,H, flow: 0.5
sccm in nucleation and 0.4 sccm in growth step. b) CoH» flow: 0.42 sccm in nucleation
and 0.32 sccm in growth step. ¢) C,H> flow: 0.38 sccm in nucleation and 0.28 sccm in
the growth step. d) C,H, flow: 0.34 sccm in nucleation and 0.24 sccm in the growth
step. In this experiment there are no detectable nuclei.

Figure 1 presents the graphene nuclei obtained at the highest explored temperature (650
°C). Four different C,H, flows are compared (Fig. 1 (a), (b), (c), (d)) in order to assess
their influence on the synthesis (nucleation). Above a threshold C;H, flow of 0.38/0.28
scem (fig. 1(c)), the seed density is very high, within the same order of magnitude (fig.
1(a) and (b)) and the substrate is completely covered with small grains. The lateral size
of the deposited nuclel is around 20 nm. Below this threshold, the seed deposition does
not occur (fig. 1(d)) and the substrate surface can be observed. In conclusion, thereis a
lack of control on the nucleation density at this temperature.



At a lower growth temperature (600 °C), the nucleation density decreases noticeably
and the grain size increases simultaneously as depicted in figure 2. Indeed, the C;H,
flow has been increased in order to partially compensate the reduction of the reaction
rate. As observed in Fig. 2(b) and Fig. 2(c), the lower the C,H, flow the lower seed
density (within the same order of magnitude) and the larger island sizes are observed.
The height profiles extracted from the AFM images confirm that the overall nuclei
thickness is less than 1.5 nm. At this temperature the interaction with the substrate and
the adsorption of the carbon precursors is less efficient than at 650 °C (see fig.1). The
best deposition conditions at 600 °C were found for the lower C,H, flow (0.6sccm-
0.5sccm) (Fig. 2(c)). At these conditions, the lateral size of the nuclei surpasses 50 nm -
without completing the film- while maintaining the thickness. No further reduction of
the nucleation density was obtained for lower C,H, flow. The stability of the oxide
surface is demonstrated in figures S1 and S2. Figure 3 shows the graphene nuclel
obtained at the lowest temperature explored (550 °C).

7.39 nm

a) C;H; flow (0.9 sccm-0.8 sccm) b) C;H; flow (0.8 sccm-0.7 sccmy) c) C;H; flow (0.6 sccm-0.5 sccm)
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Fig. 2 AFM topographic images of the graphene nuclel and corresponding profiles at
600 °C, Py = 5.4x102 mbar, P = 200 W, H, = 50 sccm, t; = 5 min, t,= 150 min. &) CH,
flow: 0.9 sccm in the nucleation and 0.8 sccm in the growth step. b) C;H, flow: 0.8 sccm
in the nucleation and 0.7 sccm in the growth step. ¢) C,H, flow: 0.6 sccm in the
nucleation and 0.5 sccm in the growth step.



Two different C;H, flows are compared in order to assess the influence of the C;H;
pressure, without degrading the graphitic structure of the nuclei. For C;H; flows similar
to those previously used at higher temperature in Fig. 2(a) and 2(b), the nuclei density in
Fig. 3(a) and (b) at 550 °C is more than one order of magnitude lower than at 600 °C.
Also the nucleation density and the size of the nuclei have been found to increase with
the C;H, flow in figure 3(a) in comparison with fig. 3(b), up to 100 nm in some crystals.
The increase of C;H; flow in the nucleation step from 0.8 to 0.9 promotes a moderately
increase of the nucleation density for a particular nucleation time (30 nuclei/um?).
Also, the increase of C,H, flow from 0.7 to 0.8 sccm renders an increase of the grain
size during a given growth time. The height profiles displayed in figure 3(a) and (b)
evidenced that, despite the different graphene nuclei sizes, for both experimental
conditions, the thickness of the nuclel remained below 1 nm, resembling the features of
monolayer graphene on quartz.*’ During the synthesis process, the SiO, surface was not
affected in terms of surface roughness (see supplementary figure S3), which means that
the oxide surface endures the graphene fabrication process. The fact that nucleation
density decreases at lower temperatures is somehow counter intuitive as a lower
temperature inhibits surface kinetic processes and decreases the mobility of carbon
adatoms, which should promote higher density of nuclei. However, this is not the only
process that takes place when growing and other mechanisms can be present. Indeed,
the nature of the substrate plays an important role. In our case, the deposit is being
carried out on a SIO, surface that interacts with the gases and the deposit in several
ways. In particular, the cracking of the carbon bond of C,H, at temperatures higher than
600 °C has been reported to occur on silicon based surfaces.™ The resulting monomers,
CHy, have higher sticking coefficient than dimmer hydrocarbons, C,H, and,
consequently, their mobility is lower.®® ** Also, simultaneously, an activation of the
SO, surface takes place in presence of atomic hydrogen resulting in the desorption of
some chemical groups, i.e. H-O, and the appearance of dangling bonds.*’ This process
is favoured at higher temperatures and it is followed by a chemical absorption that
limits the mean free path of the species running on the surface. This mechanism is
supressed when the graphitization starts, the chemical interaction with the substrate is
no longer favoured and, consequently, the C-C bonding prevails.> From our results, it
appears that the expected increased mobility as the temperature increases does not
compensate the concomitant competing mechanisms and the nucleation density

increases as the temperature is raised.



a) C,H, flow (0.9 sccm-0.8 sccm)
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Fig. 3 AFM topographic images of the graphene nuclel and corresponding profiles at
550 °C, Pr = 5.4x10 mbar, P = 200 W, H,= 50 sccm, t; = 5 min, t,= 150 min. a) CH,
flow: 0.9 sccm in the nucleation and 0.8 sccm in the growth step. b) C,H, flow: 0.8 sccm
in the nucleation and 0.7 sccm in the growth step.

Second Step: Domain size enlargement and thin film deposition

After optimization of the nucleation procedure at each temperature, the enlargement of
the nuclel follows up to completing the deposition of a continuous film. As first
approximation, we choose the best conditions found for the nucleation, i.e. 550 °C with
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a C,H; flow of 0.9 sccm in the nucleation and 0.8 sccm in the growth step (figure 3(a)),
and extended the growth time (t,). Figure 4(a) shows the submonolayer coverage of the
graphene flakes. The longer t, (seven hours) enable the creation of graphene domains up
to 300 nm in lateral size. Flake thickness, as shown in Figure 4(b), are below 1 nm,
corresponding typically to a monolayer of graphene. The coalescence of the domains
occurred without additional vertical growth at the grain boundaries as it is observed in
quartz a 650 °C.*" Figure 4(c) depicts the morphology of a continuous film after
completing the growth step (t2) for 10 hours (note the homogeneity of the film in the
image). Even though the vertical growth between grain boundaries was prevented, the
surface of the film is not completely flat. The stitching at most grains becomes apparent,
along with lack of continuity in some others (darker contrast, see also supplementary
fig. $6). Figure 4(d) presents the corresponding Raman spectra of the samples displayed
in figures 4(a) and 4(c), in this case before and after annealing the sample. The Raman
spectrum from submonolayer coverage in blue shows the characteristic graphene peaks.
The intensity ratio Iop/lg is between 1 and 2 and the 2D peak possesses a symmetric
Lorentzian profile with FWHM of 38 cm™. The high value of the ratio Ip/lg=1 is due to
the high density of grain boundaries. Along with the grain boundaries, another source of
defects could arise from the hydrogen enriched atmosphere during deposition, which
functionalizes the graphene grains and boundaries, inducing some sp* hybridization in
the corresponding carbon atoms.>® The Raman spectrum in black from the continuous
film in figure 4(c) shows similar results with a small decrease of the Ip/lg ratio and
increase of the Ip/lg ratio maybe related to a dight increase of defects density. The
continuity of the film in figure 4(c) was confirmed by four point probe measurements.
The average sheet resistance was around 15 kQ-sq™. This high value can be related to
these aspects mentioned, namely, incomplete stitching in some grain boundaries due to
randomly oriented grains and functionalization.® This resistance decreased to 8 kQ-sq™
after annealing the sample at 650 °C in vacuum at 10°® mbar. This value are much lower
than those reported in the literature for low temperature procedures.*? It is worth
mentioning that the resistance should decrease even more after annealing the samples at
higher temperature or increased time. After annealing, Ip/lg ratio of the Raman spectrum

in red, figure 4(d), also decreases from approximately 1.1 to 0.9. This
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could be related to H desorption from the film inducing a conversion from sp® to sp?

hybridization in the carbon atoms as observed in graphene deposits on quartz.*’
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Fig. 4 @) AFM topographic image of graphene nuclei at 550 °C, H,/C,H, = 50/0.9:0.8
(sccm), Pr = 5.4x102 mbar: P =200 W, t;= 5 min t,= 7 h. Vertica scale 0-5 nm b)
Corresponding profile from a graphene flake in a). ¢) Continuous film, t, = 10h and
same conditions than @). Vertical scale: 0-5 nm. d) Corresponding Raman spectrum of
sample (a) (blue) and (c) before (black) and after annealing (red).

The decrease of the sheet resistance after annealing could be also related to the
same reason, H species desorption from grains and boundaries and conversion of carbon
hybridization. *” > >’ In order to check this sp* to sp? conversion, we performed some
XPS measurements in the annealed sample that were compared with the routine XPS
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analysis done before annealing. Figure 5 presents the derivative of the Cyyyv Auger peak
before and after annealing the sample at 580 °C in UHV. While the XPS C 1s core level
peak presents basically the same shape before and after annealing (see supporting $4),
the derivative of the Cyyv Auger peak presents a broadening. The distance between the
maximum and the minimum of the derivative spectrain figure 5, also known as D value
(eV.),”® increases after annealing from 18.8 eV to values close to 23 eV. This increase
upon annealing points towards a sp? conversion that leads to a final graphene film
exhibiting mostly sp® hybridization.

Before annealing
—— After annealing

Intensity (a.u.)

T T T T T T T T T T T T T
230 240 250 260 270 280 290 300

Kinetic Energy (eV)

Fig. 5 Auger CKVV peak derivative from the sample grown at 550 °C, before (black)
and after annealing (red) at 580 °C in UHV.

An aternative growth protocol was carried out at higher temperature, 650 °C, during the
first and second steps of the synthesis. Asthe nucleation rate at this temperature is much
higher than at 550 °C, t, is prolonged only for 150 min. It is important to note that this
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was the minimum time to deposit a continuous film with these thermodynamic
parameters. Figure 6(a) presents the morphology of the film grown under these
conditions. It can be observed that, as the nucleation density is extremely high, the
average domain latera size is less than 30 nm. However, the grain size has increased
dightly in comparison with that of figure 1(a), where the deposit was performed with
similar conditions for 90 min. Figure 6(b) depicts a lower magnification image of the
same sample where, at the center of the image, the AFM tip was used to sweep away the
deposited materia in order to measure the thickness of the film. This is achieved by
switching to contact mode and increasing the applied force to remove the graphene
layer. Figure 6(d) shows the line profile where it can be observed that the typical height
of the film isaround 2 nm, which doubles the thickness of the samples grown at 550 °C.
The continuity of this film was checked by four point probe measurements. The average
sheet resistance was around 3.3 kQ-sq*. This value decreased further down to 1.8
kQ-sq* after annedling the sample at 650 °C in vacuum at 10° mbar which, even
considering the double thickness of the layer, shows a clear improvement regarding the
layer grown at 550 °C. Figure 6(c) presents a comparison of the Raman spectra of the as
grown film (in red) along with the spectrum of the same sample after annealing (black).
Both spectra show the typical peaks of graphene films. The intensity ratio Ip/lg is
around 0.3-0.4 in both spectra and the 2D peak is not completely symmetric with
FWHM of 55 cm™. This corresponds to a few layer graphene. The most remarkable
difference between the Raman spectra appears in the intensity ratio Ip/lg after
annealing. In the as grown sample Ip/lg= 1, a high expected value due to the extremely
high density of grain boundaries, as we previously commented on figure 4(d). After
annealing, Ip/lg decreases approximately to 0.7. This is again the signature of H
desorption from the film and conversion to sp?. This would confirm that, in addition to
the large density of grain boundaries, H functionalization of the graphene boundaries
inducing a sp® configuration is an important contribution for the increase in the
intensities of the D and D" peaks. The same phenomenology is observed in the growth
of graphene on quartz and glass and explained through the reaction path as followed by
DFT calculations.
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Figure 6 a) AFM topographic image of graphene continuous film at 650 °C, H,/CyH, =
50/0.5:0.4 (sccm), Pr = 5.4x10 mbar; P = 200 W, t; = 5 min t, = 150 min. Vertical
scale: 0-3 nm. b) Large scan image of sample in a) showing at the center the swept area
where graphene film has been removed with the AFM tip. Vertical scae: 0-10 nm. ¢)
Corresponding Raman spectrum of sample c), before (red line) and after annealing in
vacuum (black line). d) Height profile (below) corresponding to the marked line in the
topographic image (above).

Differences in the resistance measured for the sample grown at T=550°C and T=
650°C can be related to:

i) Bad stitching between grains. In fig 4(c), it is already apparent that there exist dark
regions corresponding to tiny uncovered areas in the sample grown at T=550°C (see

14



supplementary, Fig. S6). These bare areas do not appear in the sample grown at 650°C
where athicker layer enables aways a graphene path for carriers.

i) Quality of the intrinsic properties of the grains. It has been reported® *° that at
temperatures around 500°C the functionalization of graphene by the hydrogen species of
the plasma is most efficient, decreasing the reactivity as the temperature is increased.
Therefore, the intrinsic quality of the graphene grown at lower temperature may be

worse than that of graphene grown at higher temperature.

Table 1 below, presents the final values of sheet resistance and resistivity after
annealing (taking into account the measured thickness of the film) of this work.
Previously published data are aso included for comparison. Figure 7 shows jointly the
dependence of the grain size and the nucleation density with the temperature. It is
remarkable to observe how grain size decreases over one order of magnitude and
nucleation density expands over three orders of magnitude. Comparing the properties of
the graphene films fabricated at 550 °C and 650 °C on the Si/SiOy, there are some
crucia aspects to take into account. The resistivity is higher at 550°C even with grains
one order of magnitude larger than at high temperature, as the low temperature does not
promote any diffusive process at the substrate surface. At the lower temperature,
although monolayer graphene islands with well-defined shapes are formed and the
coalescence is apparent in many grain boundaries, in some other points the random
orientation of the grains grown impedes the perfect matching between them so as to
form a continuous film with complete stitching that influences the film properties.
Higher temperature favors graphitization, increases thickness and, apparently, the
coalescence of tiny grains. Even though the grain size is quite small, there is an
improvement in terms of resistance and resistivity in the films deposited at 650 °C.
Table 1 confirms that in both cases, the resistivity of the films improves recently
published results.
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Table 1. Sheet resistance (R-) and resistivity (p) of graphene directly grown on Si/SIOx.

Ref. Deposition Ro p

Technique | T(°C) (Q-sq™) (Q-m)

Thiswork | ECRCvD | > 1690 3'6'10-:

550 8000 6.4-10

[35] AP-cvDY | 1000 13300 2.6-10°
[38] AP-CVD 1200 16540 5.6-10°"

[42] PE-CVD(ii) | 585 32700 4.9-10°

[60] cvD™ 950 see™ 2:10°

(i)Atmospheric pressure pyrolytic CVD (AP-CVD), 2 nm height.

(i1) Bilayer graphene, 1.5 nm height

(ii1)Sample thickness cal culated from optical transmittance data.

(iv)Low pressure CVD. A range of valuesis given for various film thicknesses (<5nm

inall cases).

Finally, it is noteworthy that the annealing treatment at 650 °C carried out on the

films grown at both temperatures induces an improvement of the conductivity of the

films due to an increase in the sp® carbon hybridization. In both cases, the sheet

resistance is reduced nearly to the half of the origina value with the annealing

treatment.
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Figure 7. Summary of main results of nucleation density (a) and grain size (b) vs.
temperature of this work. The results have been extracted from the previous figures and
are approximate.

Conclusions

The direct growth of monolayer and few layer graphene films on thin silicon oxide/Si
substrate at low temperature following two step synthesis has been demonstrated using
ERC-CVD techniques. At the lower temperature growth explored (550 °C), monolayer
graphene films exhibit typically grain size over 300 nm with high crystallinity. The
nucleation density at this temperature is easily controlled but the grains and domain
boundaries are functionalized with H species that can be desorbed with an annealing
treatment to a large extent. However, the continuous film at this temperature suffers

from poor stitching in some points due to random orientation of the grains and lack of
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diffusion of species on the substrate surface. Nonetheless, the electrical properties of the
film are useful for a range of applications. Increasing the temperature to 650 °C, the
nucleation density is poorly controlled due to the high efficiency in these experimental
conditions and the resulting average grain size is one order of magnitude smaller with
thicker few layer grains. However, the final conductive properties of the films with
markedly low sheet resistance value (1800 Q-sq™) are improved, probably due to the
favored graphitization, coalescence and thickness. In this case, an annealing treatment
also favors H desorption. No noticeable damage of the substrate was detected.
Furthermore, the protocol developed at low temperature is scalable and avoids the
transfer of the films. The results presented here represent a step forward in graphene
integration for avariety of applications.
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