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ABSTRACT: Thin metal films can be used to catalyze the growth of nanomaterials in
place of the bulk metal, while greatly reducing the amount of material used. A big
drawback of copper thin films (0.5−1.5 μm thick) is that, under high temperature/
vacuum synthesis, the mass loss of films severely reduces the process time due to
discontinuities in the metal film, thereby limiting the time scale for controlling metal
grain and film growth. In this work, we have developed a facile method, namely
“covered growth” to extend the time copper thin films can be exposed to high
temperature/vacuum environment for graphene synthesis. The key to preventing
severe mass loss of copper film during the high temperature chemical vapor deposition
(CVD) process is to have a cover piece on top of the growth substrate. This new
“covered growth” method enables the high-temperature annealing of the copper film
upward of 4 h with minimal mass loss, while increasing copper film grain and graphene
domain size. Graphene was then successfully grown on the capped copper film with
subsequent transfer for device fabrication. Device characterization indicated equivalent
physical, chemical, and electrical properties to conventional CVD graphene. Our “covered growth” provides a convenient and
effective solution to the mass loss issue of thin films that serve as catalysts for a variety of 2D material syntheses.
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■ INTRODUCTION
Of all the materials that can be used to synthesize graphene,
copper is the most widely used. Graphene synthesis can occur
through many different avenues, ranging from sublimation of
SiC to CVD using transition metal foils.1−6 Copper foil is the
most commonly used, but it can lead to deformities in the
graphene, during the growth and transfer process.7 This is a
result of many sources of macroscopic deformities, e.g. rolling
marks from the manufacturer, scratches from the processing
steps, and large wrinkles that can also arise during processing.
Metal thin films on silicon wafers afford an improvement over
the use of metal foils in terms of rigidity. Having a rigid
substrate such as SiO2/Si also allows the processing of graphene
using methods already in place in the semiconductor
industry.8,9

A practice used in graphene synthesis is to anneal the
substrate prior to growth.10 Annealing increases the grain size
of the metal substrate and reduces the amount of surface
oxides. However, the use of copper thin films prevents long
anneal times compared with foils due to mass loss in
evaporation (and possibly dewetting depending on film
thickness) within 20 min under low pressure CVD (LPCVD)
conditions. There are different methods to reduce the amount
of copper lost. One relies on using a copper enclosure around
the entire piece.11 This method would not work on SiO2/Si
pieces due to alloying of copper and silicon. Using our method
it would be easier to model gas flow and growth dynamics. The
use of an enclosure precludes this method, as each enclosure is
not produced in the same manner each time, resulting in

process variability. Another method uses a quartz enclosure
over the entire piece instead of copper.12 This is not suitable for
scale-up processes, as an ever increasing enclosure would need
to be made to support the larger growth substrate. An
additional method uses a quartz cover on copper foils.13 This
method has demonstrated a reduction in copper loss, but only
for foils, which have higher surface roughness compared to
copper films.14 Adapting this method to copper films allows us
to have smooth substrates on which to grow graphene and
robust substrates from which we can transfer with minimal
concern for introducing additional defects during substrate
handling for transfers. We present a method to suppress copper
film evaporation under high temperature/vacuum conditions.
By suppressing the evaporation, we can reduce defects due to
any nonuniformity in the copper film or heating that may arise
during growth. This would potentially allow for greater
uniformity on wafer scale growth. The new method allows up
to 4 h annealing time for the copper film, which addressed the
mass loss issue in conventional uncapped growth and yields
similar quality for synthesized graphene. With this new
synthesis method, we discover that long anneal times do not
affect the copper grain size past 60 min and the average
graphene domain size growth of graphene is independent of the
underlying copper grain size.
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■ EXPERIMENTAL METHODS
Copper Film Deposition and Graphene Growth. A 0.8−1.5

μm copper film was deposited using electron-beam evaporation
(Plasmaterial, 99.99% pellets) at 10−6 Torr on a 300 nm SiO2/Si wafer.
The evaporated copper film sample was loaded with a SiO2/Si cap
directly above and in intimate contact. This stack was annealed in a
horizontal hot-wall 1 in. quartz tube furnace under a hydrogen flow
rate of 2 sccm at a temperature of 1000 °C and pressure of 2.5 × 10−2

mbar for various times, up to 4 h. For graphene growth, after the
annealing step, methane was introduced with a flow rate of 4 sccm for
45 min. After growth, the methane flow rate was increased to 10 sccm
and the furnace was cooled from the growth temperature to ambient at
a rate of approximately 10 °C/min. The graphene was transferred to
SiO2/Si using the PMMA transfer method outlined elsewhere.6

Material Characterization. A Renishaw In-Via Raman Micro-
scope with He−Cd blue laser (442 nm wavelength) was used to
observe the quality of graphene grown on the copper film. Copper
grain statistical data was acquired from SEM (or OM) images using
ImageJ software. Electron back scattering diffraction was performed on
an EDAX/TSL OIM collection system attached to a FEI scanning
electron microscope and analyzed with an AZTEC digitized inversed
pole figure.
Device Fabrication and Characterization. Back-gated field

effect transistors (FETs) were made to measure electrical properties
via a shadow mask with a CHA e-beam evaporator at 10−6 Torr to
form 2 nm Ti + 48 nm Au (or Pd) contact pads. By probe-scratching,
graphene FETs were isolated from each other with defined channel
width equal to the edge of the square metal contact pad (200 μm) and
length equal to the gap between them (50, 100, and 200 μm).
Electrical characterization was performed on a Cascade probe station
with an Agilent 4156 analyzer under ambient conditions, and the
typical drain voltage is 20 mV, with gate bias swept from −50 to 50 V.
An E-beam evaporated copper film on SiO2/Si is covered with a piece
of SiO2/Si, with dimensions that are slightly larger than the work-
piece.
When cover pieces smaller than the copper film work-piece are

used, then the exposed areas of the copper film will still suffer the
aforementioned mass loss issue. The entire stack is then placed into a
one-inch quartz tube and annealed at 1000 °C for times of up to 4 h.
The copper film without a cover underwent evaporation, and after
approximately 20 min, it became discontinuous with considerable mass
loss, as shown in Figure 1. Graphene has been grown on uncovered
copper films, but there is a short time limit (<10 min) before the
discontinuities in the copper film make it unusable.15

■ RESULTS AND DISCUSSION
The conditions that are present during LPCVD are similar to
that of physical vapor deposition (PVD) for the source (i.e., we
have an evacuated chamber [furnace tube], an evaporation
source [copper film], and an elevated temperature [annealing/
growth temperature]).The cover then acts as a “target” for the
metal evaporating from our substrate, “source.” Since the same
conditions required for PVD have been established, we used the
equations that govern evaporation rates for a given pressure to
arrive at eq 1, which is derived from Langmuir−Knudsen
theory
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where 5.83 × 10−2 is an amalgam of all of the physical
constants, As is the source area, m is the gram molecular mass,
T is the temperature, and Pe is the vapor pressure.

16 Given our
growth conditions, an evaporation rate of 8.0 × 10−7 g/s can be
estimated from this equation. Since the films we used are 1.5
μm thick, we had at most 28 min before the entire film
evaporated for uncovered growth. For capped growth, the cover

piece is at the same temperature as the substrate. This would
mean that any copper that evaporated from the substrate would
most likely re-evaporate from the cover, leading to a net zero
transfer of copper atoms. As graphene grows and slowly covers
the copper, a reduction in the evaporation of copper occurs.
Copper that might be on the cover piece re-evaporating would
end up on the surface of the graphene. This copper would then
participate in the back and forth evaporation between the cover
piece and graphene surface. The amount of copper that is
trapped this way is less than our current detection capabilities.
The differences between the covered and uncovered copper
film under LPCVD conditions are illustrated in Figure 2a and b.
The mean free path for copper atoms during our annealing
conditions is 9.6 × 104 μm, which is much greater than the
separation between the film and the cover, as shown in Figure
2c. Near the edges of the cover, the copper has a path other
than directly on the cover. This results in copper loss near the
edges due to diffusion of copper into the quartz tube. As copper
is being lost from the edges, it becomes harder to lose more
copper due to the increased distance of the exposed copper
edges from the open space of the quartz tube. Once the
annealing and growth have been completed, the cover itself
comes off easily and there is no residual copper on the surface
of the cover (Figure S1).
To demonstrate our hypothesis of trapping copper between a

cover to reduce evaporative losses, we took a copper film that,
when deposited at room temperature, consists of nanocrystal-
line copper grains and annealed the samples. The normal
growth steps for graphene on a 1 μm thick copper film involve
a 5 min anneal, followed by a 5 min growth step. During the 10
min overall processing time that is available without the aid of a
cover, the average grain size achieved was approximately 10 μm.
With a cover, we substantially increased the amount of time
that a copper film can be annealed. Annealing was performed
for various time ranges to determine if there is a maximum size

Figure 1. SEM images of the evaporation of copper films (∼1 μm
thick) as a function of anneal time at 1000 °C. Five minute time
increments from a to d. Scale bar is 100 μm. (a) Pinholes appear as
grain size increases. Examples of pinhole formation highlighted. (b)
Grain size does not appear to increase further, but pinholes become
larger as copper film continues to coalese. (c) Density and size of holes
increase as film evaporates. (d) Holes in the copper film continue
enlarging due to mass loss. Examples of mass loss areas are highlighted.
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that the copper grains will reach within a reasonable amount of
time. Even at our longest time scale of 4 h, there did not seem
to be any visual evidence that there was excessive copper loss.
During normal grain growth, grain sizes of metal thin films can

reach a size that is comparable to the film thickness. Normal
grain growth can be described as the growth of the grains in the
thin film up to the point when the film develops a columnar
grain structure, i.e. when the grain boundaries intersect both the
top and bottom surfaces of the film.17 When the copper film
was covered, we observed copper grains that were larger than
normal growth should allow. This would suggest that normal
grain growth had stopped and anisotropic grain growth had
occurred.17−19 Anisotropic grain growth occurs when a small
subset of the grains continue growth in the lateral direction,

Figure 2. Cartoon illustration of the atomic paths of copper during
anneal or growth. (a) In an uncovered copper film the copper is free to
evaporate and will condense at any suitable surface. (b) In the covered
copper film there are three possible paths. Copper atoms can (i)
evaporate from the copper film, (ii) adsorb and then desorb from the
cover, or (iii) escape from the edge of the copper film and condense at
any suitable surface of the furnace tube, such as an uncovered piece.
(c) Cross-sectional SEM image of the gap between the cover and the
copper film. The cover has a 300 nm SiO2 layer to prevent copper
alloying with silicon. The mean free path of copper atoms at annealing
pressures (2.5 × 10−2 mbar at 1000 °C) is 9.6 × 104 μm. During
growth conditions (5.7 × 10−2 mbar at 1000 °C) the mean free path
reduces to 2.5 × 104 μm due to an increase in system pressure as
methane is admitted into the furnace tube, still orders greater than the
cover/film separation. Scale bar is 20 μm.

Figure 3. SEM images of a covered 1-μm-thick copper film grain
growth as a function of time. One hour time increments from a to d.
Scale bar is 100 μm. (a) Grain size has increased with no pinhole
formation. (b) Some of the larger grains are approaching 50 μm. (c)
Overall grain size does not appear to be increasing further. There are
occasional grains with sizes approaching 100 μm. (d) No considerable
change in grain distribution from 60 min. There appears to be
secondary grain growth from the 60 min point. The grain size
distribution for a larger area is shown in Supporting Information (SI)
Figure S2.

Figure 4. Copper mass loss comparison between uncovered and
covered growth substrates. Calculated values based on sample
dimensions of 7 mm × 8 mm. Copper mass lost in covered samples
does not approach that of uncovered samples until approximately 120
min. At that point most of the grain growth has completed as seen in
Figure 3. Inset images correspond to film coverage at maximum anneal
times of 20 and 240 min for uncovered and covered samples,
respectively. Scale bars are 100 μm.
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even though the remaining grains have ceased growth.17 As
shown in Figure 3a the grain size appears to stop normal grain
growth after approximately 1 h with larger grains appearing as a
result of secondary grain growth. Statistical analysis over an area
of 100 × 100 μm2 does not indicate a bimodal distribution of
large and small copper grains (Figure S2). Closer analysis of
larger copper grains reveals coalescence occurring even in later
time frames.
With the cover in place there is still some loss of copper, but

the loss rate is much slower than the loss rate of the uncovered
copper film, as seen in Figure 4. The mass loss percentage of
the covered copper film approaches that of the uncovered
copper film after nearly 90 min versus 5 min for the uncovered
film. This indicates that the lifetime of the covered copper film
is 16 times higher than that of the uncovered one, under the
same process conditions. Leaving the uncovered copper film in

the furnace for 1 h would lead to complete loss of the copper
film, whereas, with the cover, the copper film has negligible loss.
We can see the mass loss tracks with the estimated evaporation
rate in eq 1. There is a clear differentiation between the covered
and uncovered films; that is, pinhole evolution is obvious in the
uncovered film (Figure 1) but not in the covered film due to
the mass loss mechanism previously discussed. This allows us
to maintain a usable portion of the film near the center using
our covered method, whereas with no cover the entire film is
no longer viable within the CVD growth time frame. The use of
a cover does not change how the crystalline structure of the
copper film evolves as it is annealed. The copper film in this
growth method still takes on a predominately ⟨111⟩ grain
orientation,17 which is favorable for high-quality graphene
growth.10,20 By having the copper film loss rate greatly
suppressed, it would be possible to reduce the film thickness,

Figure 5. (a) Raman mapping of the G peak of uncovered isotope labeled growth. Normal methane and 13C enriched methane cycled in 1 min
increments, starting with normal methane. (b) Covered isotope labeled growth with the G peak mapped. Normal methane and 13C enriched
methane cycled in 12 min increments, starting with normal methane. In (a) and (b) bright regions are normal methane and dark areas are 13C
enriched methane. A typical graphene domain has been circled. (c) Comparison of typical Raman spectra from uncovered and covered copper films.
The fwhm of the 2D peaks are 30 and 32 cm−1 for the covered and uncovered films, respectively. (d) I2D/IG ratio for uncovered (5 min growth) and
covered (60 min growth) copper films, top and bottom, respectively. The dark regions are the copper grain boundaries. All scale bars are 5 μm.
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while retaining a uniform film. Since this process is more
thickness scalable than uncovered growth, nonuniformities in
film thickness would have less impact on reproducible growth.
As the anneal time grows, there is an increasing number of
crystalline twins that form. For short annealing times there are
no or very little twins, but as the time increases the numbers of
twins increase (Figure S3). This could be desirable for certain
types of growth, such as in the case of graphene ribbons.21

To determine how the cover affected the growth kinetics of
graphene on a copper film, growth with isotopic precursors was
used. The methane to hydrogen ratio was adjusted to
determine the nucleation density as well as the growth rate
of the individual graphene domains. With a cover there is a
reduction of precursor flow onto the copper surface. This
should lead to a reduced nucleation density and growth rate,
which, with further refinement, would lead to an increase in
graphene domain size. As shown in Figure 5a and b, the
statistical average of graphene domain size over numerous
samples is approximately 5 μm for the uncovered copper film
and 10 μm for the covered copper film. We notice that the
growth front shifts from a regular hexagon to an irregular
polygon growth front. The growth does not seem to be
dendritic because we have not observed the growth front to be
anything other than straight. There is a reduction in the
graphene nucleation density, but it does not approach the
reduction found in other works, even when there is large
hydrogen to methane ratio.22,23 There is also a corresponding
reduction in the growth rate, as there is a 12× increase in the
cycle growth time for the covered copper film for the same

apparent growth in the uncovered copper film. The quality of
the graphene does not appear to change from the Raman
spectroscopy. One metric of determining graphene quality is
the presence or lack of a D peak located at ∼1350 cm−1. As
shown in Figure 5c, there is no indication of a D peak. The
fwhm of the peaks from both covered and uncovered may shift
from the covered being larger to the uncovered being larger
over the graphene sample. Regardless, the fwhm of the peaks is
∼30 cm−1, which is indicative of monolayer graphene. By
examining the I2D/IG ratio in Figure 5d, we can observe that the
film is uniform and monolayer over the scan area.
To verify the electrical performance, we fabricated field-effect

transistors to determine its electrical characteristics. Electrical
measurements were performed using a typical setup with a
widely used diffusive transport model for mobility extrac-
tion.10,20,24 As shown in Figure 6a, a representative resistance
versus back gate bias curve revealed ambipolar behavior with
extracted field-effect mobility for hole and electron in a range of
2−3 k cm2/V·s with carrier density around 3.3−3.8 × 1011

cm−2 on SiO2/Si at ambient conditions. The electrical property
of the covered synthesis is comparable to the same devices
made from uncovered graphene (Figure 6b).

■ CONCLUSION
We have shown a method to greatly increase the available
annealing time for copper films. The copper grains of the thin
films appear to reach a maximum size and distribution after
approximately 1 h with the use of a cover: an increase of 10
times in copper grain size compared to traditional uncovered
growth. We have demonstrated that it is feasible to grow
graphene even though the cover is in natural contact with the
copper film, and the mass loss of copper has been minimized by
a factor of 16 with no adverse deposition on the cover.
Graphene grown with a cover has similar electrical properties to
graphene grown without the cover. The method we have
demonstrated allows for more uniformity for scalable graphene
synthesis by reducing any deviations that may occur from
differences in evaporation rates over the wafer.
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Figure 6. Electrical characterization of the graphene devices made
from the two growth methods. (a) Resistance versus gate voltage
characteristic with a model fit for a FET device, showing hole and
electron mobility of 1,793 and 3,576 cm2/V·s at ambient conditions.
(b) Statistical values of field-effect mobility from several devices based
on uncovered and covered growth of graphene.
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