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Chemical Vapor Deposition (CVD) of graphene onto Cu substrates is a very promising approach for large scale production.
When dealing with Cu thin films instead of foils, there are additional problems related to the stability of the film at high tem-
peratures. We show that the film rupture and agglomeration can be prevented by monitoring in-situ dewetting dynamics of the
catalytist. We investigated the possibility to perform CVD of graphene onto Cu films, 200 nm thick, at low pressure conditions,
with ethanol or methane as C precursors. Same recipes applied on Cu foils lead to worse results highlighting the important role
played by the substrate thickness to achieve a high catalytic activity.

The influence on the deposition quality of parameters such as time, temperature and hydrogen flow is then discussed.

1 Introduction Large scale production of graphene is the first step that, once reached with a good reliability, will
lead to a large integration of graphene in devices. Chemical Vapor Deposition (CVD) allows the growth of polycrystal-
line graphene monolayers with grain dimensions that can vary from hundreds of nanometers up to few millimeters. The
best results in terms of grains dimension have been obtained on Cu foils [1] and recently on Pt foils [2] suggesting foil
support as a good candidate for large scale production. The main drawback of deposition onto foils is the need for a trans-
ferring process that is mainly realised through an intermediate step strengthening the layer by means of a polymer [3].

A promising approach to mitigate this problem is to reduce the substrate thickness and several studies have been car-
ried out centred mainly on Cu [4-8] and Ni [8-10] thin films. Moreover, further studies have been reported regarding the
relation between crystallinity of the Ni thin films and the graphene deposition quality [11], while on Cu thin films some
results are given on the influence of the grain orientation ascribing a higher quality to growth onto <111> facets [4,12].

Graphene deposited on films can be transferred with the same methods used for foils, but also other approaches can
be followed such as face-to-face transfer [13], rigid transfer [14] or avoiding the use of a polymer and transferring gra-
phene onto silanized SiO; [15]. Moreover, the dewetting phenomenon [16], which is generally recognized as being a lim-
iting factor for the use of thin films as suitable substrates for graphene deposition, has been exploited to let graphene lay
down on the SiO; substrate beneath the Cu film [17,18]. All these possibilities suggest a much wider spectrum of applica-
tions with respect to graphene grown on foils and envisage new solutions that can lead to cheaper and more effective
production processes. In conclusion, the choice of thin films is related to the promising opportunities given by integration
in the current microelectronics technology.

Due to dewetting, deposition temperatures lower than the ones used in foils are advisable with thin films. Moreover,
lowering temperature could reduce the stress of the sample, a wider range of substrates could be used, and, finally, in an
industrial perspective, less power is needed.

Ethanol seems a promising precursor, due to its lower cracking temperature [19], and has been recently used to de-
posit graphene on Cu foils at temperatures lower than on methane [20, 21].
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In this paper we present our results in low temperature nano-crystalline graphene growth on thin films by ethanol and
methane, investigating different deposition conditions such as hydrogen flow, exposure time and temperature to assess
their role in the deposition process.

2 Experimental Cu thin films used in this work were deposited with an electron beam evaporator onto SiO, (285
nm)/Si substrates. Before the deposition, substrates have been cleaned in a class 100 clean room by sonication in acetone
and isopropyl alcohol, rinsed in deionized water and dried with nitrogen flow. Depositions were performed in high vacu-
um at a rate of 0.17 nm/s. As deposited samples, characterized via Scanning Electron Microscopy (SEM), show an aver-
age grain size in the 20-50 nm range. (Fig. 1A).

To prevent the oxidation of Cu surface, evaporated samples were rapidly loaded into the Rapid Thermal CVD
(RTCVD) system Jipelec JetFirst 100C and pumped down to the 10> mbar range. The RTCVD is a cold-wall heating
system and is capable of very fast heating (up to 50 °C/s) by means of an array of 12 halogen lamps; moreover, several
gas lines, N2, Ar, Hs, and ethanol (vapors) are present (a scheme of the system has been provided elsewhere [22]). The
temperature control in the RTCVD system is provided by three thermocouples and a pyrometer. We used thermocouples
for temperature monitoring during CVD process, and found a new application of the pyrometer to monitor the dewetting
phenomena. In fact, as reported in a previous paper [23], at constant temperature the signal from the pyrometer is related
to the emissivity ¢ of the sample surface. Therefore, being the emissivity of the Cu thin film rather different from the un-
derlying SiO; substrate (esio>>¢cu), the time evolution of the infra-red emission from the sample can be attributed to the
evolution of the Cu coverage of the substrate.

Dewetting dynamics is characterized by three typical stages: incubation stage, hole opening and holes propagation;
correspondingly, three typical times to, t; and t; can be extracted [23]. In Table 1 are reported to, t1 values obtained from
experiments performed in vacuum (102 mbar) and H, environment (0.25 mbar, in brackets) on 200 nm Cu thin films (t,
is in the 100-300 s range and is not reported). For graphene deposition purposes, the most important time is to, below
which the film rupture does not occur and, as evidenced by t, values in brackets, can be increased by the addition of a gas
partial pressure. This evidence justifies the choice of a pre-deposition step in which both H; and Ar are provided prevent-
ing dewetting and at the same time reducing Cu oxides [24]. Even if film rupture is not reached during incubation stage,
grooves at grain boundaries become deeper and deeper till to the film thickness value. This is the major contribution to
the increase of film roughness and provokes the puckering of graphene film after transfer [14]. As evidenced in [23],
SEM analysis shows an increase of surface roughness on Cu film during the incubation period with no noticeable varia-
tion of the pyrometer signal, if compared to hole opening process which follows.

Table 1 Typical to and t1 times of dewetting dynamics of a 200 nm Cu film. Values are relative to experiments executed in vacuum
environment (102 mbar) while values in brackets correspond Hz environment (0.25 mbar); hyphen is reported when to was not measur-
able. For 800 °C the value in bold relates to Ar (0.25 mbar) environment.

600°C  700°C  800°C 900 °C
t,  100(980) 12 (410) 1(14,>10%  -()
y  56(>109 23(85)  22(39)  13(25)

CVD processes were mostly carried out at 700 °C (except from one at 800 °C) following a typical 2-step scheme
composed by annealing and deposition. The process temperature is reached in 35 s following a 20 °C/s ramp, then the
annealing step lasts 6 min and is carried out in a fixed atmosphere of Ar and H, (Ar:H; 100:10). Gas composition during
deposition step has been changed maintaining the ethanol partial pressure fixed and varying the hydrogen flow (stable
gas regimes are reached within 30 s for all the processes). During cooling a flux of 100 sccm of Ar is maintained. The
whole CVD process lasts less that 15 minutes.

Morphological characterization of samples has been performed with a FEI Inspect F Scanning Electron Microscope.
Raman spectroscopy has been performed with a Renishaw InVia Raman spectrometer, equipped with a 442 nm laser
(Kimmon IK Series He-Cd Laser) interfaced to a microscope with a 50x objective. With the chosen laser wavelength, it
is possible to characterize directly graphene on the catalyst reducing the luminescence emission [25] arising from Cu.
Raman spectra were analysed first by subtracting a parabolic baseline, and then peaks were fitted by Lorentzian line
shapes. Raman maps were collected over a 2x2 mm area by means of a Renishaw inVia Reflex equipped with a 514.5 nm
laser.
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3 Results In Figure 1 a comparison between typical as-evaporated Cu and after the CVD process, is shown. It is
possible to notice that, according to [26] and [27], the average grain size of Cu polycrystalline thin film increases from
nanometer up to micrometer size.

Lo e TR
Figure 1 SEM micrographs of: a) an as-evaporated Cu film (scale bar 500 nm), b) sample after the CVD process #5 (scale bar 5 um).

Firstly, we applied the CVD process described above (providing only ethanol during graphene deposition) on a Cu
thin film and a foil. In Fig. 2, representative Raman spectra are displayed. The spectrum obtained for the Cu foil, con-
cordant with the one reported in [20], show Ip/lg~1.4 and I,p/1c~0.3 and can be ascribed to nano-crystalline/amorphous
graphene [28] while features of monolayer graphene disappear. On the other hand, a completely different behaviour is
observed in thin film where an intense 2D peak, and a narrower G peak are present. An intense D peak indicating that
small crystallites are obtained is also present. Furthermore, the intensity of D+D’ peak at 2950 cm™ [29] is not negligible.
The same CVD protocol has also been applied to a thin film changing the precursor to methane (CH. flux =10 sccm). In-
terestingly similar results to ethanol-CVD (cf. Fig. 2) are obtained, indicating that in this range of temperatures the cata-
Iytic activity of the film is equally efficient.

——Cu film - CH,

1200 —— Cu film - EtOH
—— Cu foil
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Figure 2 Raman spectra of graphene on Cu foil and thin film (with ethanol and methane as precursors) after CVD process.



A possible explanation of the different behaviour noticed in Cu films instead of foils can be envisaged, assuming a
different mobility of atoms in the two substrates. Thin films dewetting, in fact, is related to the unbalance of surface and
grain boundary energies [26]. The last is lower in thin films rather than in foils: this enhances the mobility of surface at-
oms giving rise to dewetting and, probably, enhancing the catalytic activity of the film, e.g. by an augmented hydrogena-
tion [4].

The effect of addition of H; (in the range 0-20 sccm) during the ethanol deposition had then been studied. The choice
of such relatively narrow range of H; flux is imposed by the need to keep the deposition pressure almost constant, in or-
der to have comparable results. It has to be noticed, in fact, that EtOH flux cannot be controlled in our assembly. In Table
2 a summary of these CVD processes is presented. Pressure measurements, as collected with a Pfeiffer FullRange Gauge,
were stable along the whole CVD.

Intensities were obtained from the typical G,D and 2D peaks by fitting data with a Lorentzian shape line. Data in fig.
3 are average values obtained by several spectra collected. The D/G and 2D/G peak ratios are summarized. The error bars
represent the dispersion of such values throughout the sample surface.

Table 2 Summary of CVD processes. Temperature was fixed at 700 °C during both annealing and deposition step. Annealing has
been carried out under a flow of a mixture of Ar:Hz 100:10; the ethanol partial pressure is fixed at 0.84 mbar. Data from Raman spec-
tra are average values obtained by multiple acquisitions throughout the sample.

Process ID H2 flow Pressure D pos D rwHMm G pos G FwHM 2D pos 2D FwHM
(sccm) (mbar) (cm™) (cm™) (cm™) (cm™) (cm®) (cm®)
#1 0 0.84 1362.5 40 1592 34 2726 60
#2 5 0.95 1367 35 1598 33 2731 57
#3 10 1.01 1365 45 1594 36 2724 63
#4 15 1.09 1361.5 39 1591 36.5 2719 54
#5 20 1.15 1362 375 1590 37 2719 59

In the Ip/lc diagram (Fig. 3A), it is evident that, through the different processes, the defect peak is never negligible
and its relative intensity is higher than 1. On the other hand, the l.p/lg diagram (Fig. 3B) shows a dependence on the H;
flow. In Table 2, the mean position for each peak and its average FWHM along the different processes is presented: there
are no particular trends to be underlined apart from a blueshift of G and 2D peaks of sample #2. Figure 3C shows a repre-
sentative spectrum from process #5, in particular in the inset the good agreement between data and the fitting curve cho-
sen as a single Lorentzian, is displayed (442 nm laser has been used). Figure 3D shows a Raman map of I,p/lg ratio ob-
tained over a 2x2 mm area of sample #5 transferred onto SiO (285 nm)/Si substrate. According to Costa et al. [25] the
2D peak intensity compared to G peak is more intense when investigated with green light, this supports the hypothesis of
a monolayer deposition. Moreover, from Raman mapping we can conclude that deposition is fairly uniform, and disuni-
formities (i.e. grain boundaries) are smaller than the mapping resolution (140 pum) of the microscope.
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Figure 3 Diagrams related to the processes #1-#5: A) Io/lc ratio, B) l2o/lc ratio, C) Raman spectrum of sample #5 (inset: 2D peak and
Lorentzian fit), D) Raman map of l2n/l ratio (sample #5 transferred) acquired with 514.5 nm laser (scale bar 0.5 mm).

A more detailed analysis of processes #1-#5 can be conducted focussing on 2D peak position: ref. [25] gives an em-
pirical formula for the position of the peak for a monolayer graphene on Cu:
w(em™) = 87 - Ejgq.r(eV) + 2480, (1)
that in our case gives an expected position of 2724 cm™. This consideration supports the hypothesis of the presence of
monolayer, in fact, with an increased number of layers a blueshift should be found. On the other hand, for a monolayer, a
FWHMp =~ 28+5 cm is expected [25]. Our measurements yield a much larger value of FWHM,p that, according to Fer-
reira et al. [30], is indicative of disorder, in other words, of small grains. For our samples, the estimated grain dimension
(extrapolated from [30]) is below 10 nm. To check this evaluation we focused on the Ip peak. It is indeed well known that
from the Ip/lg ratio and the laser wavelength X it is possible to estimate the grain dimension Lp [31] as:

I -1
Lp =2.4- 10_101411-aser ( D/[G) : )
Lo calculation gives for our processes dimensions ranging from 6.5 to 8.9 nm confirming the previous hypothesis.
Another studied parameter is the deposition time. In Figure 4 the representative spectra of three samples treated with
process #5 are shown with the deposition time as the varying parameter.
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Figure 4 Raman spectra of graphene deposition on Cu thin film after process #5 (2 - 5 - 10 min).

Basing onto the analysis of the I.p/l¢ ratio, one can conclude that the 2 minutes process yields graphene with poorer
quality in terms of crystallinity showing a spectrum similar to the one observed on Cu foils. The comparison between 5
and 10 minutes is less straightforward: I2p/lg is higher in the 5 min process but on the other hand the defect peak is less
intense with respect to G peak in the 10 min process. It is useful to carry on an analysis, as previously done for the H»
flux dependence, investigating peak widths. A more detailed analysis can be carried out by considering the FWHM of the
peaks: in particular the FWHMp for the 5 min process is 37.5 cm, 47 cm™ for the 10 min process while for FWHMp is
59 cm™ and 68 cm?, respectively. Again referring to Ferreira et al. [30] the FWHM is a measure of disorder, therefore at
the fixed (700°C) temperature and hydrogen flux (20 sccm), we can conclude the best graphene quality is obtained with
the 5 minutes deposition process.

Finally, we have performed a further analysis by raising the process temperature to 800 °C with fixed time (5 min)
and H; flow (20 sccm). In Fig. 5, the comparison of two representative Raman spectra at 700 and 800 °C (process #5) is
presented.
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Figure 5 Raman spectra of graphene on Cu thin film after process #5 carried out at 700 and 800 °C (at 800 °C the D+D’ peak intensi-
ty was comparable to the detector noise and could not be fitted). Inset: SEM micrograph of the sample at 800 °C (scale bar 5 pm),
showing the early stage of dewetting.

It has been already reported with other substrates or precursors [20,21,32] that increasing temperature the quality of
deposition increases. This happens also for our samples, and is confirmed by both the I.p/ls ratio and FWHM3p. Moreo-
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ver, the small shift that can be observed in 2D peak is again related to graphene domains dimension, in fact when do-
mains are less to 10 nm a redshift is expected [30].

However, the higher temperature is also responsible of the unwanted first stages of dewetting that consists in the ap-
pearance of some holes.

Interestingly, if one performs Raman spectroscopy in holes (on bare SiO;) no signatures of graphene are observed in
the spectra (Fig. 5). This observation is apparently in contrast with what observed by Ismach et al [17], where graphene
deposited on Cu is then laid on SiO, when Cu dewets. Our observation can be explained by following the evolution of the
pyrometer signal [23] of the process performed at 800 °C (Fig. 6). Due to the higher temperature, holes just open during
the annealing step and pyrometer signal rises; during deposition step, the graphene, which is deposited on Cu only, acts
as a dewetting limiter. In fact the pyrometer signal during deposition keeps constant. This suggests to reduce the duration
of the annealing step to preserve the Cu film integrity.

900 3200
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800 3100
o - | !
] , 3000
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Figure 6 Diagram showing pyrometer signal (red line) and temperature profile (black line) during the process executed at 800 °C. At
the end of deposition step pyrometer signal increases showing the early stage of dewetting but during deposition step signal is constant
indicating that surface coverage is mantained.

4 Conclusions In conclusion we have reported low temperature growth of nano-crystalline graphene from ethanol
onto Cu thin films. In particular, fixing process temperature at 700 °C, graphene deposition obtained over the entire sur-
face of the Cu thin film shows a better quality compared to the corresponding graphene deposited on Cu foil inde-
pendently if ethanol or methane are used.

The graphene quality seems to be marginally influenced by the H; flux, at least in the range (0-20 sccm) here chosen,
whereas it is evident that deposition time plays a non-negligible role.

Finally, the increase of process temperature cannot be considered as a general way to achieve optimal deposition
conditions. In fact, our results evidence that the improvement of the graphene quality in terms of I2p/lg and 1o/l ratios is
achieved at expenses of the thin film integrity, which undergoes the dewetting phenomenon. Further studies to optimize
the duration of both the annealing and the deposition steps are then needed.
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