Formation of Ripples in Graphene as a
Result of Interfacial Instabilities
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Ithough the method for obtaining

graphene through the reduction of

graphite oxide was established a long
time ago,’ only recent attempts based on
micromechanical cleavage from graphite have
resulted in manageable single-layer carbon,?
opening the opportunity to study the
physical properties of this unique two-
dimensional system that results in an unusual
Dirac spectrum and electronic properties>~>
However, strictly a two-dimensional system,
such as single carbon layer, is thermodyna-
mically unstable and can exist only through
the perturbations in the third direction.5~®
These fluctuations in the third direction
result in a crumpled topography of the
graphene sheet surface. Since graphene
surface topography has significant impact
on its mechanical,'® electronic,"'~'* mag-
netic,'® and chemical'® properties, control-
ling the formation of ripples is essential for
exploiting its exceptional properties, which
is at present the subject of intense research.'”'®
Currently, the origin of graphene ripples is
associated with (a) the problem of thermo-
dynamic stability of two-dimensional layers
or membranes and appears due to thermal
fluctuations in the case of free-standing
graphene;®® (b) overlapping of adjacent
graphene disoriented islands grown at dif-
ferent sites of a substrate and stitched to-
gether predominantly through pentagon—
heptagon pairs;>'>?° and (c) the thermal
expansion coefficient difference between
metal substrate and graphene.”'7*'?2 The
last two entail a deep understanding of the
peculiarities of the graphene growth me-
chanism. The formation mechanism of a
condensed graphitic monolayer on the (111)
surface of a dilute (0.3 atom % of carbon)
Ni—C alloy based on the equilibrium segre-
gation of carbon was described more than
three decades ago.”® By studying the car-
bon equilibrium segregation in the Ni—C
binary alloy at different temperatures, the
authors found that segregation is not ac-
counted for by the Langmuir model, and
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Formation of ripples on a supported graphene sheet involves interfacial interaction with the

substrate. In this work, graphene was grown on a copper foil by chemical vapor deposition
from methane. On thermal quenching from elevated temperatures, we observed the formation
of ripples in grown graphene, developing a peculiar topographic pattern in the form of wavy
grooves and single/double rolls, roughly honeycomb cells, or their combinations. Studies on
pure copper foil under corresponding conditions but without the presence of hydrocarbon
revealed the appearance of peculiar patterns on the foil surface, such as dendritic structures
that are distinctive not of equilibrium solidified phases but arise from planar and/or convective
instabilities driven by solutal and thermal capillary forces. We propose a new origin for the
formation of ripples in the course of graphene growth at elevated temperatures, where the
topographic pattern formation is governed by dynamic instabilities on the interface of a
carbon—catalyst binary system. These non-equilibrium processes can be described based on
Mullins—Sekerka and Benard—Marangoni instabilities in diluted binary alloys, which offer
control over the ripple texturing through synthesis parameters such as temperature, imposed
temperature gradient, quenching rate, diffusion coefficients of carbon in the metal catalyst,

and the miscibility gap of the metal catalyst—carbon system.

KEYWORDS: graphene - scanning electron microscopy - ripple formation -
solutal instability

three distinct equilibrium states of the sur-

face were identified. At low temperatures

(<795 °C), the surface was covered with

multilayer graphite epitaxially precipitated

on the Ni surface. In the intermediate tem-

perature range (~795—910 °C), the surface

coverage by carbon atoms was constant

and interpreted to be one monolayer, and  *Address correspondence to
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formed phases were sensitive to tempera-  and accepted November 17, 2011.
ture but also the observed transition be-

tween two distinct equilibrium states, such 14 1021/nn202972¢

as monolayer and dilute carbon phase,

was very sharp with temperature. Currently,  ©2011 American Chemical Society
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among the established fabrication methods,'”'824~27

the catalytic chemical vapor decomposition (CCVD)
method is considered to be the best approach for
large-area high-quality graphene growth. However,
this growth concept is based on thermal quenching
of the metal—carbon system, which is not in equilibri-
um in origin and remains underdeveloped. Particularly,
the nature and interplay between the driving forces
that govern this non-equilibrium process are not fully
understood yet. Since graphitization requires high
temperature, it is preferable to carry out the growth
at elevated temperatures. However, at high tempera-
ture, CCVD growth of graphene involves two super-
imposed mechanisms that are hard to separate, that is,
formation of graphene solely through an intermediate
adsorbed surface carbon phase or by segregated
carbon atoms from the bulk during a thermal quench-
ing process. These mechanisms can have a dominant
role in the arrangement of the grown graphene surface
topography. Here, we propose a new mechanism for
the formation of graphene ripples based on experi-
mental observations of peculiar topographic patterns
on the graphene surface grown on Cu foil at elevated
temperatures.

RESULTS AND DISCUSSION

Figure 1 shows the Raman spectrum (1 = 632.8 nm)
of the grown carbon structures on Cu foil in the studied
range of temperatures, 860— 1100 °C. The evolution of
the 2D (or G'), D, and G bands is used for characterizing
the quality and number of layers.?®?° Presence of very
weak disorder-related D and D’ bands (~1330 and
~1620 cm™"), high 2D/G (~2700 and ~1582 cm™),
and G/D ratios and narrow 2D peak (full width at half-
maximum (FWHM) is 30.6 cm™") for the carbon struc-
ture synthesized at 1000 °C confirms the formation
of dominantly carbon monolayer. In other cases,
although there are indications of formation of sp?
carbon structures, either the intensity of disorder bands
is significant and/or it is hard to confirm the formation
of a monolayer. A closer analysis by scanning electron
microscopy (SEM) of the carbon structure surface on Cu
foil synthesized at 1000 °C reveals new unusual topo-
graphic patterns, such as single/double roll cells and
peculiar wavy grooves (vermicular) or their combina-
tions (Figure 2). Apparently, these ripples are very
sensitive to temperature and noticeable only in the
case of synthesis at elevated temperatures (T ~ 1000 °C)
(Figure S1 in Supporting Information). The tilt views
of the Cu—C system surface topography at 860 °C
(Figure 3a) and 1000 °C are shown in Figure 3. Since
graphene tends to replicate the substrate morphology,
in order to understand the origin of these ripples, we
studied the evolution of the Cu foil surface morphology
upon cooling, previously heated under conditions ana-
logous to graphene growth but without hydrocarbon
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Figure 1. (a) Raman spectra (excitation wavelength 1 =
632.8 nm) of carbon nanostructures grown on Cu foil at
different temperatures: (1) 860 °C, (2) 920 °C, (3) 970 °C, (4)
1000 °C, (5) 1030 °C, and (6) 1100 °C. (b) Full width at half-
maximum of 2D peaks obtained for carbon structures
grown at 970, 1000, and 1030 °C based on the Lorentzian
peaks (solid lines) used to fit the 2D bands. For all peaks, a
single Lorentzian was needed to fit. (c) Variation of //Ip and
lp/lg intensity ratios of grown carbon structures with the
synthesis temperature. The background is subtracted for all
shown spectra.

gas (Figure 4). Heat treatment at T < 970 °C leads to
the appearance of sublimation-induced motion of Cu
steps>® and small discolored spots on the foil surface
(Figure 4a). Interestingly, upon treatment at higher
temperature T = 1000 °C, the surface becomes covered
with petite dendrite-like structures having discolora-
tion spots as nucleation centers (Figure 4b). Further
increase of the temperature (at 1030 °C) leads to
noticeable growth of dendrite structures (Figure 4c)
upon cooling. Moreover, heat treatment above the
melting point at 1100 °C (we obtained melting tem-
perature of Cu foil Ty = 10854 °C by differential
scanning calorimetry (DSC); see Figure S2) reveals that,
upon cooling, the Cu surface develops similar complex
structures but more pronounced (Figure 4d). These
patterns are known as a distinctive feature of solidified
undercooled melt.3! The resemblance of the dendrites
developed by heat treatment below and above the
bulk melting point at 1030 and 1100 °C, respectively
(Figure 4c,d), presumes the same origin for the pattern
formation. The formation of peculiar complex patterns
such as dendrites, “snowflakes”, etc., is more apparent
for a Cu thin film with d = 500 nm on Si/SiO, substrate
heat treated at 1100 °C (Figure 4e). Actually, for thin
films (d ~ 300—500 nm), the formation of peculiar
patterns is observed even at lower temperatures at
T~ 920 °C (see Supporting Information Figure S3). Hence,
one can assume that treatment at elevated tempera-
tures (T = 920 °C) creates a thin melted surface layer on
the Cu foil with unstable solid—melt interface, and
therefore, any small perturbation in the course of
solidification due to the thermal quenching can grow
into various forms including dendrites. It should be
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Figure 2. Scanning electron microscopy (SEM) studies of graphene topography. Variety of graphene ripple patterns formed
upon cooling the Cu—C system previously heated at 1000 °C under CH, flowing: (a) single roll cells; (b) vermiculated cells;
(c) vermiculated and roll cells; and (d) combination of roll and vermiculated cells. White dashed lines are for guiding the eye.
The scale bars are 2 um.

considered that the referred temperature is the fur-
nace temperature, which can be different from the
actual temperature of the sample. Additional support
for surface layer melting at elevated temperatures
could be considered by the fact of complete welding
of two pieces of Cu foil placed very close and thermally
annealed at T = 1000 °C (Figure 5).

Up to now, direct observation of surface melting
phenomenon remains challenging. There are only a
few experimental studies on surface melting of metals
with high melting points such as transition metals.
Particularly, to our knowledge, there is only one experi-
mental work on Cu, where based on the behavior of the
smallest slag particles it was concluded that the (111)
and (001) planes are formed in the initial stage of
solidification,*? which implies that surface layers of these
planes are difficult to melt. Yet, there are theoretical
studies that show the suppression of the surface melting
point of Cu, particularly depending on the type of facets.>

It is known that the pattern formation during solidi-
fication is due to solid—melt interfacial instabilities and
its interplay between capillary and kinetic forces. In the
case of a pure substance, the solidification is governed
only by the heat flow. The instabilities that drive the
pattern formation in this case are thermocapillary in
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nature and were mathematically described by Mullins
and Sekerka.>* However, for pattern formation, metals
with even very low range of impurity concentrations of
10 %to 10 2 wt % (e.g., 05, S, Au, Ag, Sn, Fe, Cu, Sb, Bi
in master metals of steel, Fe—O, Pb, Sn, Al, Zn) should
be treated as diluted alloys where the constitutional
instabilities govern the solidification.®>~*° In this case,
pattern formation occurs exactly as the interface mo-
tion is governed by thermal diffusion in the case of
pure metal, having constitutional supercooling instead
of thermal undercooling.>'*' In our experiments, we
use Cu foil with a purity of 99.8% (impurities include
O, P, S, Ca, Te, Ry, and Au) since it has been proven to
be paramount for successful growth of graphene, and
therefore, the solutocapillary forces originated by these
impurities should be considered dominant for pattern
formation. In the case of higher purity Cu foil (99.999%)
with a thickness of d = 25 um, we do not observe
discolored spots upon cooling when the foil is an-
nealed at T < 1030 °C, while well-developed dendrites
appear when the foil is heat-treated at 1100 °C, which is
higher than the Cu melting temperature Ty, = 1085.4 °C
(Figure 4f). The observation of dendritic growth means
that, under our experimental conditions, the degree of
instability is large. It seems that the purity of the Cu foil
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Figure 3. Tilted scanning electron microscopy (SEM) views of the Cu—C system surface topography treated at (a) 860 °C,
tilt angle ~45°, (b,c) at 1000 °C, tilt angle ~45°, (d) at 1000 °C, tilt angle ~90°. Scale bar is 2 um.

has an impact on the onset of surface instabilities, and
the constitutional instabilities in the course of solidifi-
cation play the dominant role. Although the discolored
spots can be attributed to the segregated impurities,
their origin is not completely clear, but they play the
role of seeds for dendrite growth (Figure 4b—d).
Next, we analyze the impact of the evolution of Cu
foil morphology on the topography of grown gra-
phene and, thereby, on its quality. On the basis of the
observed patterns and Raman spectra, we notice the
correlation between the quality of grown graphene
and the pattern formed on the copper surface. At
higher synthesis temperatures, which initiate pattern
formation in the course of cooling (Figure 4b,c), the
quality of the graphene (see Supporting Information
Figure S1b,c) becomes worse (Figure 1c). On the other
hand, at lower temperatures, although the Cu surface
(Figure 3a) and grown graphene topography (see
Supporting Information Figure S1a) remain relatively
smooth, the synthesis temperature is not favorable for
carbon graphitization and, thereby, graphene quality is
poor (Figure 1c). Hence, there is an interplay between
two processes—from one side, high graphitization
degree requires high temperature as a prerequisite
for formation of high-quality graphene, and on the
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other hand, high temperature induces a thin surface
melted layer that leads to the interfacial instability-
driven pattern formation during cooling. Relatively
high-quality graphene is grown on Cu foil at 1000 °C,
yet there are still ripples on the graphene surface which
form wavy grooves (vermicular) or single/double cell
rolls (Figure 2). One can use the black spots (their origin
could be associated with carbon formation on the
impurities) as a tracer to reveal the graphene surface
topography evolution in the course of cooling.3>>¢ The
tracks indicate that the final topography is a conse-
quence of the Cu—C system surface mass flow.
Figure 2a shows quasi-periodic ripple single roll struc-
ture with separation of A ~ 10—12 um, while Figure 2b
displays the vermicular ripples. Likewise, Figure 2c,d
shows coexistence of rolls and vermicular ripples and
their combination. From Figure 3c,d, we estimated the
ripples' amplitude in the range of 1—2.5 um. Rutter and
Chalmers first proposed that, during solidification of
the melt, a planar solid—liquid interface can become
morphologically unstable due to constitutional under-
cooling.*” In particular, a fibrous structure which mani-
fests itself as parallel corrugations and as a hexagonal
network was observed. Further, in ref 38, on the basis of
theoretical and experimental analysis, the critical role

VOL.5 = NO.12 = 9619-9627 = 2011 A@W)

WWww.acsnhano.org

11D L¢

9622



http://pubs.acs.org/action/showImage?doi=10.1021/nn202972f&iName=master.img-003.jpg&w=420&h=336

J1D]Le

Figure 4. Evolution of the Cu foil surface morphology upon cooling, previously heated at various temperatures under
conditions analogous to graphene growth but without hydrocarbon gas: (a) T=920 °C; (b) T= 1000 °C; and (c) T= 1030 °C.
Upon treatment at T > 1000 °C, the surface becomes covered with petite dendrite-like structures having discoloration
spots as nucleation centers. For comparison, the formation of dendrite structures on (d) Cu foil (99.8% purity), (e) thin Cu
film (with thickness d = 500 nm), and (f) Cu foil with high purity (99.999%) that were previously heat treated above the
melting point at T = 1100 °C is shown. Insets show magnified images of dendrite patterns. The scale bars are 200 nm.

Figure 5. SEM images of two Cu foil (99.8%) pieces before (a) and after (b) heat treatment at 1000 °C. Upon heat treatment,
two pieces of Cu foil become welded. The scale bars are 2 um.

of rate of solidification (v) and the established tem- Sekerka. In general, the stability criterion for the onset
perature gradient in the melt at the solid—liquid inter- of morphological instability in a planar interface with
face (G) or the value of their ratio (v/G) for stability of imposed temperature gradient can be described by
planar interface during solidification was revealed.?' dimensionless parameter v < v, = 1 (ref 31), where
The breakdown of a planar solid—melt interface of a

dilu.teaIIO)./t.hin Ia.\yer.intothe ceI.I or dendritic strl.Jctures 1 _ Q(AC) DL|£|+DS|E } M
during solidification is analyzed in ref 41 by Mullins and [ dr dr
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where Ds and D, are the diffusion coefficients of the
solute in both solid and melt, G is the thermal gradient,
and AC is the miscibility gap of the copper—carbon
system, and the terms with temperature derivatives
describe the slope of the solidus and liquidus lines. The
system is quiescent at small v and passes through cell-
ular and dendritic stages as v becomes larger. Accord-
ing to the model, an arbitrary perturbation that causes a
rippled or cellular structure develops the pattern with
an initial wavelength 1 = 27tk in order of micrometers,
which is in the range of our observations. As the model
predicts, the observed ripple texturing on the graphene
surface (Figures 2 and 3) is very sensitive to the synth-
esis parameters, particularly to the cooling rate due to
the imposing of additional temperature gradient that
affects on the orientation and velocity of the solidifica-
tion front. Although the addition of carbon in metal can
affect on the segregation behavior of the constituent
elements or on the tendency to develop defects,?®?
the observed topography of graphene synthesized at
elevated temperatures, in general, correlates with the
pattern formation on the Cu foil.

Hence, during cooling of the Cu—C system, the
formed nonplanar interfaces result in solute inhomo-
geneities transverse to the solidification direction,
which affect on the final pattern formed. For instance,
in the case of flat — cellular interface transition (Figure 6a),
when steady interface is broken down in the sequence
of convex and bulge areas, the solute almost entirely
accumulates between the convex boundaries of the
cells and, therefore, bulges may remain solute poor.*’
So the boundaries are regions rich in solute compared
to the center of the cell. This periodic variation of con-
centration creates multiple nucleation centers at dif-
ferent sites of a Cu foil, which form a series of isolated
carbon grains that follow the Cu surface morphology
and not necessarily reciprocally oriented. Upon further
growth, these grains stitch together by forming poly-
crystalline graphene consisting of domains tilted to
each other and separated by boundaries.”'®?° Thus,
in the course of thermal quenching, the graphene layer
develops surface topography in accordance with the
solidification patterns of the Cu—C surface. In the
meantime, the inhomogeneity of carbon concentra-
tion distribution can vary the number of layers of differ-
ent carbon islands and, thereby, becomes another
source of ripples along their boundaries. Under certain
growth conditions (dependence on solute concentra-
tion and G/v ratio), the cellular interface becomes
unstable and can go through a cellular — dendritic
interface transition.?'® The breakdown from cells to
dendrites depends upon the crystallographic orienta-
tion of the interface. Figure 6b shows the graphene
grown on the top of dendritic pattern of the Cu—C
system. Since the graphene follows the substrate mor-
phology, then the pattern formation on the Cu surface
driven by capillary forces will govern ripple formation

PARONYAN ET AL.
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Figure 6. Depending on control parameters, the Cu—C
system can undergo any of flat — cellular or cellular —
dendritic transitions. SEM images of ripples formed due to
the (a) cellular and (b) dendritic solidification patterns.
Schematics of the breakdown of a planar solid—melt inter-
face of a dilute alloy layer into a periodic cells according
to Benard—Marangoni model due to solutal instabilities
(0 denotes surface tension, . denotes solutal surface ten-
sion coefficient, and Csy, is the solute concentration of the
solid—melt interface). The scale bars are 1 um. White line is
for guiding the eye.

during thermal quenching, even if the graphene forma-
tion at high temperature is solely based on the surface-
adsorbed carbon phase. The control parameters that
experimentally can be used to stabilize the system
include the velocity of the solidification interface (v),
defined by the diffusion of coefficients of the solute in
both solid (D) and melt (Ds), the thermal gradient (G),
and the miscibility gap (AC) of the copper—carbon
system. The increase of thermal gradient G, decrease
the velocity v, or decrease of miscibility gap AC lead to
a decrease of stabilizing term v. In the case of very pure
substrate, the instabilities during solidification driven
by thermocapillary forces could become an origin of
pattern growth and, thereby, ripple formation.

There is a prominent similarity between the planar
instability that leads to cellular solidification fronts acco-
rding to Mullins—Sekerka and the Benard—Marangoni
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instability that produces convection cells in a melt.
Indeed, the presence of a Cu—C thin melted layer can
lead to mass transport along the melt—gas interface as
a result of convection driven by thermocapillary or solu-
tocapillary forces, well-known as Marangoni instabili-
ties,** owing to the surface tension dependence on
temperature and composition. Solutal Benard—Marangoni
instability was applied to model the growth mechan-
ism of single-walled carbon nanotube bundles at ele-
vated temperatures.** Experimentally, Marangoni con-
vection for metals was observed in the Fe—O alloy
pool and in steel melts*® by using tracer particles. The
thermocapillary and solutocapillary effects were not
sufficiently understood in the copper—carbon molten
system due to experimental difficulty, complexity of
the phenomena, and the lack of thermophysical data.
However, it is tempting to roughly estimate Marangoni
number for the Cu—C system, omitting for simplicity
convection and other effects that can be caused by
impurities, which still can provide physical insight (see
Supporting Information). Since surface tension is more
sensitive to composition, then let us consider the
solutal Marangoni number

_ YcdAC

2
) 2)

M,
where yc is solutal surface tension coefficient, ACis the
concentration gradient across the melt, d is the thick-
ness of the melted layer, D_is the molecular diffusivity
in the liquid, and u is the dynamic viscosity. Table S1
(Supporting Information) presents the values of the
parameters used for estimations of solutal capillary
number. We obtain a value of M3 ~ 150 > M, _=80ifthe
melting surface layer thickness is d > 150 nm (where
M,_ is the critical value of Marangoni number in the
conducting case), and thereby, the system is capable of
undergoing solutal convection instability. From formu-
la 2, it follows that, by variation of solutal gradient (AC)
and melted layer thickness (d) via proper carburization
of catalyst, synthesis temperature, and cooling rate, it is
possible to achieve the conditions M3 < M,. = 80,
stabilizing the solidification front and, thus, eliminating
the formation of cellular ripples (Figure 5c). Another
control parameter is the temperature gradient across
the melted layer. Indeed, considering AC = AC(AT),

METHODS

Graphene Sample Preparation. Copper foils (25 um thick, 99.8
and 99.999% purity purchased from Alfa Aesar) and copper
films with thicknesses of 300—500 nm (deposited on Si/SiO,
substrates by e-beam evaporation technique) were used as the
catalytic substrates. The substrates were loaded into a quartz
tubular furnace and purged with Ar/H, gas mixture (4:1) at a
flow rate of 50 sccm under 90 mTorr pressure for 20 min,
followed by ramping up the furnace temperature to 860—
1100 °C. Once the temperature was reached, it was held for
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then by applying stabilizing temperature gradient
across the melted layer, it is possible to fulfill the M3
< M,_ condition. The estimated thermal Marangoni
number is Ml ~ 107% AT < M, and therefore, the
system is steady to thermal convection flow.

CONCLUSION

We present a study of graphene surface topography
using SEM technique and Raman spectroscopy. Gra-
phene was grown on Cu foil at various temperatures up
to 1100 °C. We find that the quality dependence on the
synthesis temperature, monitored based on D, G, and
2D band peak position and relative intensities of Raman
spectra, is not monotonous and is enhanced at ~1000 °C
under given synthesis parameters. Although the high-
er temperature promotes higher graphitizing degree,
it also induces a thin melted layer on the Cu foil
that becomes a new source of ripple formation upon
quenching. According to experimental observations of
graphene surface's peculiar topography, we propose a
new ripple formation mechanism based on interfacial
instabilities driven by solutocapillary forces, which gov-
ern the ripple formation in the course of substrate
solidification. This mechanism offers the control para-
meters such as synthesis temperature, imposed tem-
perature gradient, cooling rate, diffusion coefficients of
the solute in both the solid and the melt, and the
miscibility gap of the metal—carbon system, which can
facilitate stabilization of the system and, thereby, avoid
ripple formation on the graphene surface at elevated
temperatures. Since instability-driven pattern formations
are extremely sensitive to any external perturbation, the
control over the grown graphene surface topography
requires very sophisticated experimental setup with
precise control over the synthesis parameters. On the
other hand, substrate composition-based control is very
tempting. Indeed, higher surface melting point of the
substrate allows growing graphene at elevated tempera-
tures, while avoiding the formation of interfacial instabil-
ities. However, in this case, the type of Me—C system
phase diagram is important since the eutectic nature can
lead to the melting of surface layers due to carbon
diffusion. It is worthy to mention that the final surface
topography of graphene upon cooling encloses ripples
due to contributions from other origins.”*'°

30 min for final reduction of copper oxide on the surface of the
catalyst, followed by adding 8 sccm of CH,4 for 10 min to the
flowing gases. The samples were cooled at 30 °C/min under the
Ar/H;, mixture.

SEM Measurements. Images were obtained immediately after
growth directly on the samples stuck on a sample holder with
carbon tape. High-resolution scanning electron microscopy
(ZEISS SUPRA FESEM) was used at an operating acceleration
voltage of 8 kV.

Raman Spectroscopy. Raman spectra were collected using
632.8 nm laser excitation wavelength (Thermo Scientific Nicolet
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Almega). To obtain each spectrum, we averaged 30 individual
Raman spectra, measured from different spots of the graphene
sample (the laser beam has a diameter of ~1 um at the sample,
and the distance between spots is ~10 um).

DSC Measurements. Differential scanning calorimetry (DSC)
measurements were performed on a STA 449C (NETZSCH)
instrument. For each experiment, around 90 mg of sample
was placed in an alumina cup and the system was evacuated
for 2 h. Then, the sample was heated at 5 °C/min in the tem-
perature range of 20—1200 °C under a H, gas (20 sccm) diluted in
Ar (150 sccm) atmosphere. All of the gases used had a purity of
99.999% (Wright Brothers, Inc.). Silver wire (1.5 mm diameter) with
purity of 99.998% (Alfa Aesar) was used as the standard sample.

Supporting Information Available: Estimation of solutal Mar-
angoni number for Cu—C alloy, calculation of solutal surface
tension coefficient, estimation of the thickness of liquid layer,
estimation of molecular diffusivity in the liquid Cu—C alloy,
estimation of the dynamic viscosity, additional SEM images for
Cu—C system, DSC curve for Cu foil, and SEM images of the
evolution of different thickness Cu films' morphology with
temperature. This material is available free of charge via the
Internet at http://pubs.acs.org.
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