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Abstract: Direct deposition of graphene on substrates would avoid costly, time consuming
and defect inducing transfer techniques. In this paper we used ultrathin films of Ni, with
thickness ranging from 5 to 50 nm, as a catalytic surface on glass to seed and promote
chemical vapor deposition (CVD) of graphene. Different regimes and dynamics were studied
for various parameters including temperature and reaction time. When a critical temperature
(700 °C) was reached, Ni films retracted and holes formed that are open to the glass surface,
where graphene deposited. After CVD, the residual Ni could be etched away and the glass
substrate with graphene regained maximum transparency (>90%). The fact that we could
achieve low growth temperatures indicates the potential of the technique to widen the range of
substrate materials over which graphene can be directly deposited. We demonstrated this by
depositing graphene patterns on ultrathin, 100 um thick, sheet of glass with low strain point
(670 °C), particularly suitable for flexible electronic and optoelectronic devices.
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1. Introduction

Since graphene was first isolated in 2004 by A. Geim and K. Novoselov [1] using the
mechanical exfoliation technique, its unique properties have made it one of the most studied
materials. It has a wide range of potential applications, including in electronic and photonic
industries. There is thus a need of obtaining large and uniform layers on insulating (dielectric)
substrates, preferably by direct growth and synthesis and avoid in this way time consuming,
cumbersome and not always defect-free transfer techniques.

Chemical and non-chemical exfoliation from graphite [2—4], chemical reduction of
graphene oxide [5—8] and chemical vapor deposition (CVD) [9—13] have been investigated as
techniques to produce graphene sheets. CVD has the potential of great versatility and high
process yield for production of high quality graphene over large areas [14]. With such
technique, graphene synthesis is typically obtained by employing transition catalytic metals in
order to reduce the activation energy of carbon decomposition from a hydrocarbon gas
[10,15-21]. Among the possible catalysts [22], the two most widely employed are Cu and Ni,
each producing a different mechanism depending on the carbon solubility. Carbon has a low
solubility in Cu and it is adsorbed only on the surface [23], whereas it is highly soluble in Ni
where, after absorption, it diffuses through the metal and eventually post-segregate on the
surface [21,23-25]. The highest quality CVD graphene has been obtained on um-thick Cu
foils [9] due to the fact that carbon atoms remain on the catalyst surface and single layer
graphene (SLG) sheets are easily grown. Instead, on Ni foils, multilayer graphene (MLG)
mostly grows with poor control on the number of layers [11]. On thin Ni films of a thickness
150-200 nm, a partial coverage with SLG has been obtained although mixed with MLG that
starts its growth preferentially at the grain boundaries of the metal [13,26-28].

After growth, graphene has to be transferred from the metal to any target substrate and this
is usually done by using a polymer assisted transfer technique that tends to leave residues and
contamination which have a detrimental effect on its electrical and mechanical properties
[14,29]. Several polymer-free transfer techniques are being developed but quality,
performance of the resulting graphene and process scalability are not always adequate for
device applications [30]. A more efficient alternative is to avoid completely the transfer and
directly grow graphene on target substrates. A recent review has been published which covers
some of the work on direct growth of graphene [31]. Initial results have been obtained by
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using Cu in vapor phase as a catalyst but with poor coverage [14]. In refs [17,32]. a metal film
of Cu deposited on a glass substrate was used to promote and catalyse graphene growth.
During CVD, the Cu film retracted and dewetted as a consequence of the high temperatures,
leaving behind regions of the substrate surface covered by graphene. The thicknesses of Cu
films used in ref [32]. was in the 100-300 nm range while the films in ref [17]. were always
significantly thick (>100 nm). In addition, the process required high temperature (1000 °C)
and long duration (5-7 hours) for achieving dewetting and partial evaporation of Cu, which
poses a practical limitation in large scale production. The method could be applied only to
glass substrates with high strain point, such as fused silica. Also, a large portion of the Cu
film remained on the substrate after completion of the process, resulting in poor transparency
for the graphene on glass structure. In a subsequent work the remaining Cu was etched and a
larger transparency was achieved [33]. Interestingly, Ni combined with carbon powder was
also used to grow nanocrystalline graphene on glass and plastic substrates at 25-260°C [34].
More recently, a technique to directly grow graphene on dielectrics at low temperatures
(600°C) was proposed [35]. The method used Fe-C solid solutions where carbon precipitates
after the metal is etched away by Cl, gas during 30 minutes. Such an approach produces few-
and multi-layer graphene but not SLG. Ref [36]. reports homogeneous direct growth of
graphene on glass by CVD technique using high temperatures (1000-1100°C) and reaction
times of 1-7 hours, these conditions being not suitable for a wide range of substrates. Plasma
Enhanced CVD (PECVD) has been used in ref [37]. to directly grow few and multilayer
graphene at low temperatures (400-600°C).

In this paper, we propose to use ultra-thin metal films (UTMFs) [38-40] of Ni to catalyse,
seed and promote the growth of graphene on dielectric substrates. With respect to ref [17], our
work made use of much thinner (5-50 nm) metal films, Ni instead of Cu, leading to
significantly lower processing temperatures, times and metal residues. Also, by systematically
studying and controlling the dewetting behaviour during the CVD growth, we achieved large
substrate areas with graphene at 700°C and for 30 minutes. After chemically removing the Ni
residues of the CVD growth, the optical transmittance of the graphene on substrate structure
was >90%, only about 2.5% less than the bare glass substrate. We also deposited patterns of
graphene starting from predefined Ni UTMF geometries, this being an essential feature for the
functionality of many devices. The low temperature and short processing time were essential
to achieve direct growth of graphene on flexible substrates of Corning® Willow® Glass,
which has a low strain point (670°C), demonstrating the potential of the proposed techniques
for transparent flexible electronics.

2. Experimental
2.1 Sample preparation

The substrates employed are flat fused silica, SiO,/Si and Willow® Glass (see the Appendix
for additional details). After organic cleaning by sonication (acetone and isopropanol),
different thicknesses of thin layers of Ni were deposited by magnetron sputtering (Ar
atmosphere at room temperature) preceded by a 120 seconds Ar plasma pre-treatment (8
mTorr, 40 W) in the same chamber.

On Ni covered substrates, graphene was grown by means of CVD (Black Magic 4-inch,
AIXTRON: CH4/H,: 30/20 sccm, 7 mbar, and 50-75°C/min heating/cooling rates) at different
temperatures, from 700°C to 1000°C, in steps of 100°C. Lower temperatures would not be
sufficient for the endothermic CH4 decomposition reaction to occur.

For all samples presented in section 4, after graphene growth, a 5 to 15 minutes dipping in
diluted aqua regia (1:2:2 HCl: HNO;: H,0) was performed to remove the dewetted Ni
nanoparticles remaining on the surface. For patterning the samples on Si/SiO, and willow
glass substrates, a first lithography step using laser writer (LaserWriter LW405B,
MICROTECH) was performed after spin coating a photoresist, followed by Ni deposition and
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lift-off. For electrical measurements, a second lithography was carried out to deposit Au
contacts.

2.2 Sample characterization

Surface topography of the samples was studied by Atomic Force Microscopy (AFM,
Bruker/Veeco Dimension 3100) and FEI-Scanning Electron Microscopy (FE-SEM, FEI
Inspect F). Structural characterization was carried out by grazing incidence X-ray diffraction
(GXRD) and Raman spectroscopy (Renishaw inVia). GXRD was performed using Cu K
radiation and a Philips MRD goniometer equipped with four crystal Bartels Ge 220
monochromator. Raman measurements were carried out with a 532 nm laser and a 100X
objective lens for shifts ranging from 1100 to 2900 cm™'. Raman maps were also acquired in
order to get a statistical overview of the whole samples, with the mean value and standard
deviation of at least 10 measurements at different sample’s locations. Sheet resistance
measurements (Rs) were carried out using a 4-point probe equipment. Rs values in section 3
correspond to samples where Ni particles still remain on the substrate (immediately measured
after CVD). Rs values in section 4 correspond to samples where Ni was removed through
etching. Chemical characterization was performed by energy-dispersive X-ray spectroscopy
(EDX, Oxford INCA) after dipping samples in aqua regia to confirm that Ni residual
nanoparticles have been removed. EDX measurements were also carried at 10 different points
using 10 kV voltage.

3. Results and discussion
3.1 Ni dewetting

Within the working temperature range (700-1000°C) and pressure (7 mbar) of our study, Ni is
well below its melting point, so it remains in solid state, but for the low thicknesses
considered here, it dewets. This makes possible to grow graphene in a specific position, where
Ni is initially sputtered, and, at the same time, in direct contact with the substrate surface,
thanks to the subsequent Ni retraction. In this way one can avoid transfer from the growth to
the final substrate. The retraction velocity of the metal and holes formation in the film
strongly depend on temperature and initial film thickness. While single crystal Ni films
dewetting on oxides surfaces (e.g. MgO) has been widely investigated [41], not much
investigation has been devoted to the study of polycrystalline Ni films dewetting (<50 nm).
Specifically, two parameters proved to be crucial: the retraction velocity and the temperature
at which dewetting starts (Taeweting). Figure 9 (in Appendix) shows experimental results of
Taeweting as a function of Ni film thickness, obtained at similar conditions and using criteria as
in previous studies for other materials (e.g. Cu) [41,42], i.e. Taewening Was assumed as the
temperature corresponding to which 5% of a 1 um’ substrate area is uncovered. The results
indicate that, thanks to the small thicknesses used in this work (5, 15 and 50 nm), all films
should dewet within 700-1000°C except for the 50 nm one processed at 700°C, where only
small holes should form in the film.

3.2 Graphene growth

Graphene quality is highly dependent on the surface properties of the substrate (in our case Ni
UTMEF), including the crystal orientation, that affect carbon gas dehydrogenation, adsorption,
surface diffusion and generation of H, [23,43,44]. To characterize the deposited Ni films and
the structural modification it undergoes during the process, we used GXRD analysis. In Fig.
1, a significant difference in crystallinity can be observed between as-sputtered Ni UTMF of
50 nm and the same film after CVD treatment.

During the heating phase of the process, Ni grains increase in size producing a
polycrystalline structure in which their size becomes of the order of a few hundred
nanometers. The crystallinity of the film shows preferential orientations along the (111) and
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(220) planes. The (111) crystal orientation promotes SLG nucleation due to matching in
crystal lattice structure and dimensions [27,45]. A relatively weak peak at 20 = 25.4°
ascribable to graphene [44] is also present after CVD growth. Process conditions for the
growth were kept fixed except for the temperature and reaction time, which were varied from
700°C to 1000°C and from 15 to 60 minutes, respectively. More details on the optimization of
reaction time can be found in Fig. 10, Appendix. In Table 1 we summarize the results
obtained for the four most relevant samples (Samples A-D of the eighteen prepared (S1-S18,
Table 2 in Appendix). Table 1 specifies the process conditions and corresponding Raman
results for metal-free zones in the dewetted areas (where the metal is retracted). Tables 2 and
3 in Appendix present additional data for samples A-D as well as the rest of the samples.
Among the samples, those using 50 nm Ni UTMF showed improved graphene growth results
in terms of quality and uniformity.
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140001 Before CVD treatment &
13000 A N
12 -
_ 12000 &
= 11000~ O
8 1 <
> 10000 1 T
D ] i
27000 o
£ 6000- O
5000 N
i S O
4000 o .\Q/Q N
3000 NN S
0

R IR S S A KA R D I HL
10 20 30 40 50 60 70 80 90 100 110
26 ()

Fig. 1. GXRD spectra of 50 nm Ni UTMF at 1000°C (Sample C in Table 1) before and after
CVD (grey and red lines, respectively), showing the crystallinity improvement after CVD
treatment, as well as the appearance of a narrow peak at small angle associated to graphene
growth.

These findings agree well with the theoretical results of ref [43], where 50 nm Ni UTMF
was calculated to be the minimum thickness needed to produce SLG (see Eq. (1-2) and Table
4 in Appendix). Figure 2 shows the growth mechanism through optical microscope images of
the dewetted films and Raman spectra of graphene after 30 minutes of reaction time for
samples A, B and C processed at 700, 900 and 1000°C, respectively. Note that also sample S8
(50 nm, 800°C, see details in Appendix) was considered in the study, together with samples
A, B and C, for a more complete and gradual evolution over the full temperature range with a
single thickness (50 nm).
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Table 1. Process conditions and Raman signals for graphene grown on Ni UTMF (fused
silica substrate) of different thickness (Raman measurements include the ratios between
graphene peaks: I,p/Ig, In/Ig and the FWHM of 2D peak. All measurements were
performed on the dewetted areas, where the metal is retracted). (Results at different
conditions for same thickness are collected in Table 2 of Appendix).

Ultrathin Ni on fused silica substrate samples

Sample Sample Sample Sample
A B C D
Process Ni (nm) 50 50 50 15
conditions T ("C) 700 900 1000 1000
t (min) 30 30 30 30
Raman Lp/lg 3.20+1.78  2.28+40.74 2344124  237+0.38
eenlis In/lg 1 0.92+0.54 0.49+046  0.17+0.12  0.5140.11
FWHM@2D) (cm) 22.8+5.74 26.8+2.11  264+498  30.1£1.65

The following stages were identified for the dewetting (purple areas correspond to Ni
whereas dark areas graphene is deposited on SiO,): (1) nucleation of holes at 700°C (see
black dots in optical microscope image at 700°C in Fig. 2) [34], (2) enlargement of the holes
for temperatures between 800 and 900°C and, (3) total retraction of the film when the
temperature reached 1000°C. The dewetting evolution during CVD growth was more evident
through the SEM pictures, Fig. 11 of Appendix. Raman results in Fig. 2 also pointed out the
effect of temperature on graphene quality.

Sample C, T=1000°C
Sample B, T=900°C
Sample A, T=700°C

2D band
= G band Sample B, 900°C
= D band
N’
Z __/;_A
=
2
=
L

Vanotx

r ~& Sample A, 700°C |

Frareaes m*’

1200 1400 1600 1800 2000 2200 2400 2600 2800
Raman shift (cm™)

Fig. 2. Optical microscope images of 50 nm dewetted samples A, B and C after graphene
growth at 700, 900 and 1000°C, respectively (for all 30 minutes reaction). Bright purple areas
correspond to continuous/dewetted Ni while dark areas correspond to Ni-free regions where
graphene is deposited directly on SiO,. Raman spectra was measured on dewetted areas (dark)
demonstrating graphene deposition on SiO,. Scale bar: 10 pm.

Three characteristic peaks could be observed for all samples, corresponding to D, G and
2D bands, at 1350, 1580 and 2700 cm™', respectively. According to SLG criteria [46,47], the
graphene quality can be measured in terms of: intensity ratios between D peak and G peak
(In/Ig), whose value should be very low as D peak is related to material defects; intensity
ratios between 2D peak and G peak (I,p/Ig), whose value should be equal or higher than 2;
and the full width at half maximum of 2D peak (FWHM (2D)), which varies depending on
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whether it is exfoliated or CVD grown graphene. For example, for exfoliated graphene this
value should be in the 25-30 cm™ range while for CVD graphene it is typically larger. Best
results were obtained at 700°C for graphene grown on the nucleation holes resulting in I,p/I
of 3.20 (Sample A). SLG with high quality was also obtained on dewetted regions at 900 and
1000°C with I,p/Ig ratios of 2.28 and 2.37, respectively. A difference in graphene’s quality in
terms of I,p/Ig ratio was noticeable between measurements of dewetted areas with and
without Ni particles (as reported for Sample B). According to ref [48], defect lengths (Lp)
were calculated for graphene grown on dewetted areas (see Eq. (3) in Appendix) giving
values in the 12.4-23.7 nm range, which were higher than those previously obtained for
dewetted Cu thin films [17].

In the following subsections, we present the most significant and representative results and
the different regimes of graphene growth as a function of process temperature for samples A-
D. Results for other samples performed at different conditions of thickness, temperature and
reaction time can be found in Appendix, which are necessary for further understanding of the
growth mechanism of graphene.

Growth at 700°C A very peculiar graphene growth occurred at 700°C for films of 50 nm
thickness (Sample A). Due to low temperature, dewetting was very slow and only nucleation
of irregular holes in the film appeared. Over the holes, suspended graphene started to grow in
patches that could reach around 2 pm? area as shown by the SEM image in Fig. 3(a), where
the wrinkled area corresponds to graphene. Atomic Force Microscopy (AFM) images in Fig.
3(b-d) show a hole (marked by green dotted line) also partially covered by graphene. The
height profile cross sections of the graphene (Fig. 3(d)) and the abrupt change in phase for the
AFM signal (Fig. 3(c)) confirm that graphene was suspended about 90 nm over the glass
surface free of any metal. Figure 12 (Appendix) shows Raman maps of 10x10 um? with well
delimited patches of graphene on the metal-free dewetted Ni film areas. SLG growth was
confirmed by the high I,p/Ig ratio and single sharp Lorentzian-shape of the 2D band with
FWHM (2D) = 25-30 cm™', typical evidences of SLG [46,47]. In addition, the centers of the
2D and G peaks were slightly shifted compared to the typical values for SLG grown on
standard Cu foils (2673 cm™ and 1582 cm™', respectively as shown in Fig. 12 and Fig. 13(a)-
13(b) in Appendix. Apart from the presence of defects confirmed by the appearance of the D
peak, the shifts and broadening of the 2D peak can be attributed to strain in graphene due to
the effect of the Ni grain boundaries and residual stress in the Ni film after graphene growth
[14]. An average Lp = 14.4 nm for Sample A is calculated from Raman spectra (Fig. 12).
Moreover, Rs measurements from 4-point probe system gave very low values (see Appendix)
because of the contribution of Ni underneath graphene.

SEM AFM amplitude AFM phase

i, A

65.4°

Suspended SLG
"I Ni film

0 1IJI]X o 200 300
Fig. 3. Growth of suspended graphene on dewetted Ni holes (Sample A). (a) SEM image of a
hole partially covered by suspended graphene, identifiable by the wrinkles; (b) AFM amplitude
and (c) phase images of graphene suspended over a hole, different from that of the SEM image
in (a). The green dotted line indicates the hole’s borders. (d) Cross sections of the AFM
amplitude map corresponding to Ni continuous film only (red line) and suspended graphene
(black line). In all figures the scale bar is 2 um.

Growth at 800°C The results are in Table 2 of Appendix.
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Growth at 900°C At the temperature of 900°C, Ni films partially dewetted leaving, after
metal retraction, a uniform graphene layer covering the whole sample. To illustrate the
differences in graphene properties between the dewetted and non-dewetted (still continuous
metal film) areas, Fig. 4(a) shows the Raman spatial distribution of a 20x20 pm” area across
these two regions in 50 nm Ni film (Sample B). The metal edges were determined from the
optical microscope image (see Fig. 13(d) in Appendix) and superimposed as a reference. In
the dewetted region, the graphene was almost entirely uniform and of good quality, in contrast
to that in the continuous Ni film region. Similarly to what reported in ref [17], a higher quality
graphene was present in the metal-free dewetted area. In Fig. 4(d) we report the statistics
distribution separately collected over the two regions. In the dewetted region, SLG grew with
a single and sharp Lorentzian peak of the 2D band, FWHM (2D) value = 25-30 cm™" with Ly,
= 13.9 nm, while the other region presented a FWHM = 40-45 cm™" over a very broad range.
In addition, AFM measurements (Fig. 14 in Appendix) revealed graphene wrinkles with a
height of 1-5 nm close to the continuous film area as well as graphene domains with a size
ranging from 130 nm to 410 nm. Rs measurements from 4-point probe system gave very low
values (see Appendix) when measuring on non-dewetted area because of the contribution of
Ni underneath graphene, but however, on the dewetted area, Rs could not be measured likely
due to the high roughness of Ni particles. Although 50 nm was the optimum thickness for best
quality of graphene, the case of 5 nm Ni film at 900°C (sample S9) is commented due to
interesting results. The SEM picture of Fig. 15(a) in Appendix, reveals that complete
dewetting occurred and small Ni nanoparticles with an average diameter of about 200 nm
remained on the whole surface. While Raman mapping showed low Lp/I values indicating
few-layer graphene, the Rs = 34.2 kQ/sq indicated the presence of a continuous conducting
layer over the whole area. Indeed, except for a tiny hole in the central part of the SEM picture
(Fig. 15(a)), the graphene film was continuous over the whole sample. Graphene deposited
under these conditions exhibited a high Ip/Ig ratio, which could be related also to the presence
of Ni nanoparticles and the fast dynamics of metal retraction occurring at 900°C for 5 nm
thick Ni, then affecting also to the high Rs. Also, an Lp, value of 12.4 nm was obtained.

Dewetted Continuous

d) I Dewetted Il Continuous

25 p 1 25
Avg.=26.8 cm” Avg.=34.1 cm’
20 20
£ g
[2]
% 15 15 %
8 10 10 ®
s 2
) (dll[lﬁlh]m_.s
oL [ I i 5
20 25 30 35 20 40 60 80

FWHM (2D) (cm™)

Fig. 4. Raman maps of Sample B (50 nm/900°C) show (a) high Lp/I ratio of SLG grown on
the dewetted area, (b) Ip/Ig ratio map, and (c-d) FWHM of 2D peak and statistics for both areas
(See original optical microscope image (Fig. 13(d)) and AFM measurement (Fig. 14), in
Appendix. Scale bar: Spm.
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Growth at 1000°C At a process temperature of 1000°C, for both 50 and 15 nm films
thicknesses, samples C and D, respectively, graphene with high I,p/Ig Raman ratio was grown
in the retracted metal regions, as confirmed by Raman maps (Fig. 15(c) and Fig. 15(b)), where
the Ip/Ig ratio is high and fairly constant. For both thicknesses, the 2D band fitted to a sharp
and single Lorentzian peak with FWHM values = 27-30 cm™' and Ly = 17.4 and 23.7 nm,
respectively. Rs was measured for Sample D (about 8 kOhm/sq) while it could not be
measured for sample C, most likely due to the high roughness associated to Ni particle
remains.

To compare the results for the different growth conditions described above, we show in
Fig. 5 the percentage of the areas covered by graphene versus graphene quality in terms of
Lp/Ig ratio (Raman mapping). Percentages include areas with presence of 2D peak and with
Lp/Ig ratio in the 0.1-4.8 range. For all samples, we can conclude that graphene compounds
covered up to 95% of the total area. The SLG coverage varied significantly from sample to
sample. The large variation is in part associated to a measurement artifact, i.e. the fact that the
presence of Ni affects Raman measurements. Regardless, one can affirm that sample B
presents higher quality SLG graphene, among the samples investigated. For more definitive
conclusions on the quality we shall consider the electrical and optical results after Ni removal.

(a) Sample A (50nm, 700°C) (b) Sample B (50nm, 900°C)

T 7 T
8 i‘* SLG coverage 6 SLG coverage
£ L (=25%) . (= 72%)
(] : Py
g . ®
c 4 ! ]
g ; g3
&2 § g2
1
0 0
0.5 1 1.5 2 25 3 3.5 0.5 1 15 2 25 3 35 4 45
IZD/IG IZD/IG

(c) Sample C (50nm, 1000°C) (d) Sample D (15nm, 1000°C)
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Fig. 5. Percentage of graphene coverage versus quality, i.e. I,p/Ig from Raman maps of: (a)
Sample A, (b) Sample B, (c) Sample C and (d) Sample D. Note that the presence of Ni particle
remains affect the Raman measurements, so the data are only indicative.

In Fig. 6 we propose a qualitative model of graphene growth on Ni-UTMF. During the
heating phase (a), the Ni-UTMF experiences an increase in grain size and improvement in
crystallinity with preferential (111) and (220) orientations [12,44]. At a certain temperature,
the dewetting nucleation (b) starts with the appearance of holes and their subsequent
propagation. Already during this stage, upon retraction of the Ni film, graphene starts
growing. While the temperature increases (e.g. to 1000°C), dewetting proceeds further while
graphene continues to deposit on the substrate, this until the system cools down (c).
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Fig. 6. Schematic model of graphene growth on 50 nm Ni UTMEF: (a) first step of annealing,
where activation, reduction and crystallization take place, (b) nucleation of holes promoting Ni
dewetting and deposition of graphene upon metal retraction starting at 700°C and (c) cooling
down where graphene is already deposited on the silica substrate.

4. Applications

For many applications, especially involving the use of light (optical and optoelectronic
devices), transparency is crucial. Ni is responsible for most of the optical loss, thus has to be
completely removed after graphene growth is finished. Different removal approaches can be
employed, including thermal evaporation [49] or wet chemical etching. While in some cases
the thermal evaporation could be effective to completely remove Ni residues, the required
vacuum conditions and high temperatures (>1100°C) make it unsuitable for many substrate
materials, for example low strain point glasses. For this reason, we preferred a diluted aqua
regia solution (5-15 minutes duration). After Ni etching, we believe that graphene deposited
on glass is originated from the top side of the Ni for Sample A, where graphene is growing on
dewetted holes. However, for samples B, C, and D, graphene could have originated from the
bottom side of Ni. In these cases, higher temperatures could improve the absorption of carbon
inside the metal. Additionally, as the Ni film is dewetted, the catalyst surface area in contact
with the carbon source would be larger, with more active sites where carbon could be
absorbed. A visible evolution in the transmission and absorbance values at 550 nm are
observed in Fig. 7(a)-7(b) for samples A, B, C and D, before and after Ni removal.
Absorbance measurements were obtained by measuring transmittance (T) and reflectance (R)
of samples with the spectrophotometer, and then calculating absorbance (A) as: A = 100-T-R.
Evolution in transmission is also shown in Fig. 7(c) through a series of pictures for exemplary
samples A and C. All the results confirm a significant recovery of the samples’
transmittances. In particular, sample A reached 91.07% transmission (average value over the
400-700 nm wavelength range), indicating an optical loss of 2.38% with respect to the bare
fused silica substrate, also represented in the figure with a measured transmittance of 93.45%.
The optical loss is thus very close to the expected absorption of a SLG (2.3%). More complete
transmittance spectra are shown in Fig. 16 (Appendix).
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Fig. 7. (a-b) Transmittance (including substrate contribution) and absorbance values at 550 nm
of samples A-D before (in black) and after (in red) Ni removal. (c) Picture of Sample A and
Sample C (Ni 50 nm at 700°C and Ni 50 nm at 1000°C, respectively) as deposited (first
column), after graphene growth (second column) and after Ni removal (third column).

In order to demonstrate the potential for applications of the proposed technique, we
produced ribbons and square patterns of graphene directly grown on conventional SiO, on Si
substrates and low strain point temperature glass, such as ultrathin and flexible 100 um thick
Willow® Glass (Fig. 8(a)-8(b) and Fig. 8(¢)-8(f)) at the same conditions than sample A. An
efficient direct growth on Willow® Glass [50] would enable large scale and roll to roll
production of transparent substrates with graphene for flexible electronics and
optoelectronics. Ni 50 nm patterns of different size (ranging from 500 nm to 1 mm) were first
sputtered. Graphene was then grown on the substrates at 700°C for 30 minutes. Finally, Ni
was removed by dipping the samples in diluted aqua regia for 5-10 minutes (Fig. 8(b) and Fig.
8(f)). For all patterns, graphene was continuous over the substrates as indicated by SEM
characterization (Fig. 8(c) and Fig. 8(g)-8(h)) and Raman maps (Fig. 17 in Appendix). Also,
EDX measurements revealed that graphene was free of Ni residues (see Table 5 in Appendix).
For graphene electrical characterization, Au contact pads were deposited via evaporation on

graphene corners (see Fig. 8(d)) to perform 4-point probe measurements, obtaining Rs values
of about 2 kOhm/sq.
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Fig. 8. Flow chart on top shows different steps for graphene patterns fabrication (see more
details in section 2.1). Optical images of Ni 50 nm UTMF patterned on Si/SiO, and Corning®
Willow® Glass substrates in square shapes of different size (a,e) as deposited via sputtering
and (b,f) after Ni removal when graphene is deposited at the same condition than Sample A.
SEM images in (c, g-h) show high quality graphene squares after Ni removal with absence of

any metal residues and holes (also EDX results in Table 5 in Appendix) for both substrates. Au
electrodes for 4-point probe measurements are shown in (d).

5. Conclusions

In summary, the use of Ni UTMF as a catalyst, template and sacrificial layer can lead to a fast
and high quality formation of graphene directly on a glass substrate, at minimum temperatures
of 700°C. We performed a systematic study of Ni UTMFs dewetting, as well as of the effect
of Ni dewetting on graphene growth, pointing out that dewetting dynamics, strongly affected
by temperature, are very important to achieve high percentage area coverage with graphene.
With soft etching of the residual Ni, the substrate with graphene regained very high
transparency, still maintaining good electrical conductivity. The technique thus widens the
range of substrate materials on which graphene can be directly grown, avoiding in this way
costly, cumbersome and not always defect-free transfer techniques. This has already been
demonstrated by growing graphene patterns on ultrathin glass, a functionalized substrate with
great potential for flexible electronic and optoelectronic devices.

APPENDIX:
Graphene deposition

After depositing the UTMF on top of the fused silica, the substrate is placed in the PE-CVD
chamber (Black Magic 4-inch, AIXTRON). At low pressure, a pre-treatment with H, is
carried out before starting the growth. Thus, a double action takes place at the metal catalyst
surface: a redox chemical reaction where possible metal oxides forming at the surface are
reduced to their active phase (fundamental state: Ni%), and an increase of the grain size leading
to a reduction of the material defects. When temperature stabilizes, the reaction gases are fed
into the system (CH4/ H,: 30/20 sccm). Finally, the samples are cooled down under a
continuous flow of H, in order to remove amorphous carbon from the surface.
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Reaction time optimization dependence of graphene growth

To evaluate the effect of time in graphene deposition, some quality tests, in terms of Lp/Ig
ratios and FWHM 2D values, were performed at 15, 30 and 60 minutes reaction time for 5
and 50 nm Ni UTMF. Results in Fig. 10(a)-10(b) reveal that, for different thicknesses and
temperatures, 30 minutes was the optimum time, giving the highest I,p/Ig ratios and lowest
FWHM 2D values, still within SLG ranges (shaded areas in the graphs). The general tendency
was that, for 15 minutes of reaction time only, samples were characterized by low I,p/Ig ratios
(high FWHM 2D values), which may be attributed to an incomplete formation of graphene
(2D band is very low and broad). For 30 minutes, the quality was improved as confirmed by
an increase in Ip/I ratios (decrease in FWHM 2D values). Finally, for 60 minutes, the Lp/Ig
ratios decreased (FWHM 2D increased). This may indicate that as time increases, more
carbon is absorbed and segregated upon metal retraction, thus promoting the growth of MLG.
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Fig. 10. Reaction time effect on graphene quality evaluating (a) I,p/Ig and (b) FWHM 2D peak,
at 15, 30 and 60 minutes, respectively. Shaded area corresponds to values for theoretical SLG.
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Table 2. Process conditions and Raman/electrical results for graphene deposited on Ni
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Table 3. Raman measurement results on UTMF Ni of different thickness. (Raman
measured on the non-dewetted areas).

Sample A Sample B Sample C Sample D
Lo/l 1.24 +0.45 1.36+0.68 1.73+0.85 1.57+0.30
In/Ig 0.82+£0.37 0.88 £0.39 0.29+0.16 0.57+0.21
F‘Ycl;[nl\_/ll)ZD 32.6 +4.45 34.1+10.6 282+2.72 31.7+1.59

Graphene layers calculation (adapted from ref. 43)

The theoretical number of graphene layers grown from a Ni catalyst can be calculated. Two
different processes occur when using Ni as a catalyst template (precipitation and segregation
during the cooling down),

S(GLs) = S(atomstm'3 )'LM.UTMF/

PGraphencatomiciayer O
where:
S(GLs): Solubility in graphene layers (atoms-cm™)
S: Carbon solubility in nickel (atoms-cm™)
Lyiutmr: Thickness of Ni UTMF (cm)

PGrapheneAtomicLayer: Graphene atomic layer density = 3.8-1015 (C atoms-crn’z)

s=s, e "7/ 1) @

where:

So: Entropic pre-factor related to the density of sites where solute atoms sit = 5.33
(atoms-cm™)

Hp: Heat of precipitation = —0.421 eV
k: Boltzmann’s constant = 1.38-107% m” kg-s* K™

T: Temperature (K)

Table 4. Graphene layers calculation of different Ni films treated at different
temperatures

S(GLs) from Eq. (1)

Temperature (°C)

Ni thickness (nm) 700 300 200 1000
5 0.05 0.07 0.11 0.15
15 0.14 0.22 0.33 0.45

50 0.46 0.74 1.09 1.51
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Fig. 11. SEM pictures of Ni 50nm at 700°C, 800°C, 900°C, 1000°C (sample A, S8, sample B

and sample C) showing the dewetting evolution when the process temperature is raised: (a)

nucleation step of holes, (b-c) holes propagation and (d) total dewetting of the Ni UTMF. Scale

bar: 10pm
Defect length (Lp) calculation (adapted from ref. [48])

2 2 2 4 4
L (nm*) = 5.4102E} eV ) (1, /1,,) 3)

where:
E;: Laser excitation energy = 2.33 eV

Ip/Ig: Ratio calculated from Raman maps

0.5 SE— ] 8 10 — a5
Fig. 12. Sample A (700°C, nucleation step): (a-b) AFM and SEM pictures showing the holes
formed at the beginning of the dewetting (b) corresponds to the yellow dashed area in (a), (c-¢)
Raman maps of the area in (a) demonstrating graphene coverage on the holes, as Ip/Ig ratios
are very high, and FWHM 2D values are within 25-30 cm™, values assigned to SLG. Scale bar:
2 pm.
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Fig. 13. Optical microscope image and I,p and shift of the G peak. (a-b) gives Raman maps
(10x10 pm?) for two different regions of Sample A (blue squares), (c) S9, (d) Sample B, (map

of the region within the blue square), (¢) Sample D and (f) Sample C (map of the region within
the blue square). Scale bar: 10um.
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Fig. 14. AFM measurements of Sample B: (a) height map, (b) zoomed area from (a) (blue
dashed square) showing the graphene domains, (c) height map with increased contrast to
enhance the ripple and domain structures of graphene grown on SiO, after metal retraction, and
(d) phase map. (Map: 15x15 um?).
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Fig. 15. SEM images and Raman maps of Lp/Ig of graphene grown on different Ni thicknesses
and at different temperatures (all 30 minutes reaction time): (a) S9 (5 nm, 900°C), (b) Sample
D (15 nm, 1000°C) and (c) Sample C (50 nm, 1000°C). Scale bar: 2pm.
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Fig. 16. Transmittance spectra of highest quality UTMF Ni samples: (a) after CVD processing
and (b) after etching process of 15 minutes.
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Fig. 17. Raman mapping of graphene square patterned on willow glass: (a) I,p peak, (b) Lp/Ig
ratio and (c) Raman spectra when measuring inside and outside of the pattern region.

Table 5. EDX measurements on graphene after Ni removal from Sample A

Atomic percentage detected by EDX technique

On graphene On residues
Carbon 44.79 48.07
Oxygen 29.63 29.54
Silicon

25.99
Nickel -

22.52
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