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Smooth Epitaxial Copper Film on Sapphire Surface
Suitable for High Quality Graphene Growth
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Abstract

Graphene, a two-dimensional material, can be grown on a metal substrate us-
ing chemical vapor deposition—this growth process is notably influenced by the
crystal orientation and the roughness of the substrate surface. We prepared
epitaxial Cu(111) films on sapphire substrates using thermal evaporation at
various substrate temperatures and studied their crystal orientation and rough-
ness. The well crystallized Cu(111) film with a smooth surface was obtained
when the substrate was maintained at 473 K during the deposition. High quality
graphene with few intrinsic defects was grown on this Cu film.

Keywords: Epitaxial growth; Cu(111) films; crystal orientation; roughness;
chemical vapor deposition; defects.

1. Introduction

Graphene, a two-dimensional carbon material composed by a single graphite
layer, shows extraordinary electronic, thermal and mechanical properties [1–3].
In our group, we are developing an environment-controlled cell with a graphene
window for in-situ electron microscopy and spectroscopy. The graphene window5

with clean and defectless area in the sub-millimeter scale is desired to ensure
optimal signal collection. In our previous work, we have conquered the first
step to transfer chemical vapor deposition (CVD) graphene without bringing
considerable contamination to the film [4].

Graphene prepared by CVD with comercial copper foils is usually polycrys-10

talline, with the domain size within the micrometer scale [5–7]. It was reported
that the domain size of the CVD graphene could be notably influenced by the
domain size and the roughness of employed metal substrates [8, 9]. Surface
defects such as grain boundaries in the commercial polycrystalline copper can
be the nucleation sites for multiple graphene domains [9, 10], leading to poly-15

crystalline graphene with small domains. Single-crystalline metal substrates, in
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which the grain boundaries are absent, can significantly reduce the nucleation
sites and hence produce single-crystalline graphene with relatively large area
[11–13]. However, the single-crystalline metals are expensive and impractical
for the substrate-sacrifice transfer method, in which the substrate is dissolved20

with a chemical solution. On the other hand, large-scale graphene with reduced
defects could be prepared on metal thin films with smooth surface [14, 15].
Procházka et al. demonstrated that the graphene layer grown on an ultra-
smooth copper film, which was deposited on a SiO2/Si substrate, had a very
low amount of defects, evident by the absence of D-band in the Raman spectra25

[14].
Recently, an easy way to prepare smoothly and uniformly oriented copper

films on single-crystalline sapphire has been reported [16–19]. Because the crys-
tal orientations of copper substrates can remarkably alter the growth dynam-
ics of graphene [18], copper films with a uniform crystal orientation eliminate30

the diverse growth behavior of the graphene domains, providing chances to
grow large-scale single-crystalline graphene. It has already been confirmed that
graphene prepared on the Cu(111)/sapphire substrate was almost free of defects
[16], and had a single domain with an area over 1 mm2 [17]. However, these
works are focused on either the growth or the characterization of the graphene35

films, whereas the methodology of the preparation of the epitaxial substrates
were hardly studied.

In order to optimize the preparation of epitaxial copper films on sapphire,
we investigated the crystal orientation and the roughness of copper films pre-
pared at various substrate temperatures. The optimized sample was selected40

for graphene growth via CVD, with the results compared with that grown on a
commercial copper foil. Our results showed that the Cu/sapphire substrate has
a potential to prepare high quality graphene.

2. Experimental Procedures

Copper films were deposited on the c-plane of sapphire, α-Al2O3(0001) (1045

mm × 10 mm × 0.5 mm, Shinkosha Co., Ltd), using thermal evaporation.
Copper beads (2-8 mm, 99.99%, Sigma-Aldrich) were put on a tantalum boat
that was resistively heated inside the evaporator. During the evaporation, the
sapphire substrate was heated at varied temperatures from 473K to 623K us-
ing a platinum wire that was mounted close to the substrate. The substrate50

temperature was monitored by a thermocouple that was attached to the back
side of the sapphire substrate. The evaporation rate, monitored by a quartz
crystal unit, was kept to 0.2 nm/min until the thickness of the deposited film
reached to ∼750 nm. We also evaporated the copper film without heating the
substrate externally, which was denoted as the room-temperature (RT) sample;55

but note that the substrate was warmed radiatively by the evaporating source
and its temperature was gradually raised to ∼ 473 K when the deposition fin-
ished. The crystallography of the copper films was studied by X-ray diffraction
(XRD; Bruker D8 Discover) with Cu Kα radiation: θ–2θ scans were recorded in
a range of 2θ = 30◦–80◦, which covers the main peaks of a face-centered cubic60
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Figure 1: XRD profiles of the Cu(111) films on Al2O3(001) deposited under varied substrate
temperatures. The θ-2θ scans (a) show only (111) reflections from the copper films; The
φ-scans (b) show Cu{111} diffractions appeared with an interval of 60◦.

structure. The [111]-pole φ-scans were performed with the optical configura-
tion of 2θ = 43.4◦, χ = 70.5◦, and rotating the sample normal to the surface
by φ = 0◦–360◦. The texture of the films normal to the surface were recorded
by electron backscattering diffraction (EBSD; JEOL JIB-4600F/HKD), with a
mapping step of 0.2 µm in a 10 × 40 µm2 area. The morphology and the rough-65

ness of the films were examined using atomic force microscopy (AFM, Asylum
Technology).

Graphene was grown on the copper films using ambient pressure CVD. The
prepared Cu(111)/Al2O3(0001) was inserted into the CVD reactor, which was
then heated to 1000 ◦C within 40 min in Ar-blended H2 (3.95 vol.%) flowing at a70

rate of 50 sccm, and maintained for 20 min. Then Ar-blended CH4 (0.987 vol.%)
was introduced at a rate of 10 sccm together with the H2/Ar flowing at 50 sccm
for a period of 60 min to grow graphene. The sample was then gradually cooled
down to room temperature inside the reactor, with the CH4/Ar and H2/Ar
gases still flowing. The total pressure inside the reactor was kept at 95 kPa75

in the entire process to reduce the dewetting of the copper film. The prepared
graphene was compared with the typical CVD graphene grown on a commercial
copper foil with a slightly modified recipe, reported in our previous work [4].
Raman spectroscopy with a 532 nm laser (Renishaw inVia Reflex), as well as
scanning electron microscopy (SEM; JEOL JSM-7400F), was used to estimate80

the quality of the graphene layer.

3. Results and Discussion

Figure 1a shows the θ–2θ XRD profiles of the copper films deposited on
the sapphire at different substrate temperatures. Only the reflections from
Cu(111) and Al2O3(0006) were detected in all the samples, indicating that the85

copper films were well grown along (111), with the orientation preference of
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Cu(111)‖Al2O3(0001). To further confirm this epitaxial growth, we performed
the [111]-pole φ-scans by fixing the X-ray optics at the Bragg position of Cu(111)
(2θ = 43.5◦), tilting the sample by 70.5◦ away from the horizontal plane, and
rotating the samples along the [111]-pole that is normal to the surface. The re-90

sulted spectra show diffractions from the (111), (111), and (111) planes, which
are 70.5◦ away from the (111) surface. As presented in figure 1b, distinct peaks
appear periodically with an interval of 60◦, indicating that the copper films
were epitaxially grown on the c-plane sapphire. No obvious difference in the
spectra was seen when we altered the substrate temperatures, revealing that95

the epitaxial Cu(111) film could be prepared with the sapphire substrate tem-
peratures ranging from RT to 623 K. Note that the φ-scan diffraction patterns
show a sixfold symmetry in the copper films, whereas the single-crystalline cop-
per has a threefold symmetry along [111] pole. Therefore, it is likely that the
deposited films are composed of a two-domain structure with the crystallites100

rotated azimuthally by 60◦ [20]. It is worth mentioning that the RT sample
here clearly showed the epitaxy feature, in contrast to the results of Bialas et
al., who reported that the epitaxial copper film was not obtained when the
substrate was maintained at 298 K [20]. The difference may arise because the
substrate, though not intentionally heated, was warmed by the evaporation105

source during the deposition. Thus, we speculate that the epitaxial film in the
RT sample started to form when the substrate temperature surpassed a certain
threshold between RT to 473 K. It is possible that there is a small amount
of polycrystalline or amorphous copper formed in the initial stage when the
substrate temperature was below the threshold (e.g., at RT).110

To confirm this two-domain structure in the copper films, we carried out
EBSD measurements on these samples. As shown in Figure 2, the scanned area
in all the samples was indexed by the blue color that corresponded to Cu(111)
orientation. The black lines indicate the boundaries between the domains with
(111) surface but twisted by 60◦ azimuthally. Note that there are a small amount115

of misoriented domains (∼1 µm in size) in the RT sample, agreeing with our
speculation that polycrystalline copper formed in the initial stage of deposition.
In addition, the size of the two-domain grains gradually increased with the
elevation of the substrate temperature. This can be explained by the Volmer–
Weber [21] model where a continuous film is created by the formation of small120

islands at the initial stage, followed by an island-coalescence process [20, 22]. At
higher temperatures, the growth of the copper islands is facilitated, leading to
a larger grain size compared to lower temperatures. However, the rapid three-
dimensional growth of the copper islands at high temperature can also lead to
the formation of other facets like (100) and (110), resulting in the mis-oriented125

domains in the copper film, as shown in panel (e).
Figure 3 shows the AFM images of the copper films prepared under various

substrate temperatures. The numbers in the figures are the root mean square
(RMS) as an indication of the surface roughness. The deposited films show
the similar surface morphology with small grains along (111). Those grains130

coarsen as the substrate temperature increases, in agreement with the EBSD
observation. Accordingly, the roughness of the copper films also increases with
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Figure 2: EBSD images of the Cu(111) films evaporated epitaxially on Al2O3(0001) when the
substrate was initially maintained at RT (a), 473 K (b), 523 K (c), 573 K (d), and 623 K (e).
The scale bar is 4 µm.

the elevation of the substrate temperature, e.g., RMS = 7.2 nm at 473 K,
whereas RMS = 37.3 nm at 623 K, as a result of the grain coarsening. For
comparison, a commercial copper foil which is commonly used for CVD graphene135

growth was also scanned by AFM, as shown in Figure 3f. The RMS of the foil
was estimated to be 41.3 nm. By growing Cu films epitaxially on sapphire, we
were able to reduce the roughness to ∼1/6 of that of the commercial copper foil.

The above results showed that the Cu(111) films were grown epitaxially
on Al2O3(0001), with the roughness and crystal orientation depending on the140

temperature of Al2O3 substrate. At very low temperature (RT sample), the
deposited Cu atoms had very low mobility. Thus, the growth of the Cu film was
dominated by the nucleation of small Cu islands, resulting in the morphology
with small domains. Also, it is likely that the film has variation in the thickness,
again, due to the low mobility of the Cu atoms. This can be inferred from the145

existence of Al2O3(0006) peak in the XRD pattern of the RT sample, as the
diffracted X-ray reached to the detector from some thin area of the copper film.
The combination of these two factors led to the rough surface of the copper
film. When the substrate temperature was raised to 473 K, the migration of
the Cu atoms was enhanced. The copper nuclei then could grow epitaxially150

on the Al2O3 substrate and form a flat surface to reduce the surface tension.
Therefore, the surface roughness was ameliorated. At higher temperature, the
mobility of the Cu atoms could be very high. As a result, the film growth was
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Figure 3: AFM images of the Cu(111) films deposited epitaxially on Al2O3(0001) when the
substrate was initially maintained at RT (a), 473 K (b), 523 K (c), 573 K (d), and 623 K (e).
A commercial copper foil (f) was also scanned for comparison. The scale bar is 2 µm. The
roughness of the samples was estimated by the RMS values shown in the figures.

dominated by the growth of the copper islands, which could take place in a
three-dimensional way due to the fast migration of the Cu atoms. In this case,155

the epitaxial relationship between copper and the substrate was not always
maintained. Other Cu facets could be formed during the three-dimensional
growth and further coalescence of the copper islands, leading to the increase of
the surface roughness.

We attempted to grow graphene on the Cu(111)/Al2O3(0001) film prepared160

at the substrate temperature of 473 K, which possesses the smoothest surface
among all the epitaxial films studied in this work. Raman spectroscopy was used
to evaluate the quality of the graphene film, under the consideration that the D
band at ∼1350 cm−1 is a direct indicator of defects in graphene [16, 23]. Figure
4 shows three spectra randomly obtained from different spots in graphene on165

the Cu(111)/Al2O3(0001). Except for the distinct G band at ∼1580 cm−1 and
2D band at ∼2680 cm−1, no obvious peaks could be found in the D band region,
revealing the low density of intrinsic defects (below the detection limit) in the
graphene film. Note that the noise in the background was from the copper
substrate as the spectra were collected without further transfer of graphene170

to other substrates, whereas graphene grown on copper foils was transferred to
SiO2 to reduce the noise in the Raman spectra. Figure 5a shows the morphology
of the epitaxial copper film after graphene growth. It can be seen that the
contrast was uniform in the most part, indicating that the graphene layer grown
on the film had uniform thickness in a large area. Only some small area near175

the domain boundaries showed dark contrast, corresponding to thicker regions
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Figure 4: Raman spectra obtained from graphene grown on the Cu(111)/Al2O3(0001) pre-
pared at the substrate temperature of 473 K. Three scans were collected from different spots
in the graphene film. A spectrum of the typical CVD graphene grown on a commercial copper
foil was shown on the top for comparison.

of the graphene layer. On the other hand, the D band was clearly seen in the
Raman spectrum of the CVD graphene grown on a commercial copper foil, as
shown in the top plot of Figure 4. The SEM image in Figure 5b showed non-
uniform contrast, revealing the variation in the thickness of the graphene sheet.180

The results indicate that the graphene grown on the epitaxial copper film has
much higher quality compared with the ones that we have ever grown on the
commercial copper foils.

4. Conclusion

We were able to prepare the smooth Cu(111) film on the c-plane of sapphire,185

with the surface RMS of 7.2 nm, using thermal evaporation at a substrate tem-
perature of 473 K. The copper film was epitaxially grown along (111) orientation,
with a two-domain structure in which the domains azimuthally rotated by 60◦.
The graphene film grown on this copper film was confirmed to have few defects
that are undetectable by Raman spectroscopy, as evident by the absence of the190

D band around 1350 cm−1. Our work indicated that the epitaxial Cu(111) film
on sapphire with a smooth surface produces high quality graphene.
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Figure 5: SEM images of the epitaxial Cu(111)/Al2O3(0001) film (a) and the commercial
copper foil (b) after graphene growth. The dark contrast shows the thicker area of graphene.
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