http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

Electronic structure of single-crystalline graphene grown on Cu/Ni (111) alloy film

Xue-Fu Zhang(7k2£ &), Zhong-Hao Liu(x|9i#i), Wan-Ling Liu(X]/34i), Xiang-Le Lu(j5#£'%), Zhuo-Jun Li(ZEHE),
Qing-Kai Yu(* k1), Da-Wei Shen(ik K {H), Xiao-Xing Xie (51 AH)

Citation:Chin. Phys. B . 2019, 28(8): 086103. doi: 10.1088/1674-1056/28/8/086103

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Electronic and optical properties of GaN-MoS, heterostructure from first-principles calculations

Dahua Ren(fFik4£), Xingyi Tan(i#%%%), Teng Zhang(7 /%), Yuan Zhang(7k i)
Chin. Phys. B . 2019, 28(8): 086104. doi: 10.1088/1674-1056/28/8/086104

Effects of Al component content on optoelectronic properties of Al,Ga; «N

Yan-Jun Ji(ZC4E42), Jun-Ping Wang (T F), You-Wen Liu(Xl A 32)
Chin. Phys. B . 2018, 27(10): 0106102. d0i: 10.1088/1674-1056/27/10/106102

Electronic structure & vield strength prediction for dislocation—Mo complex in the y phase of
nickel-based superalloys

Feng-Hua Liu(XJ A ), Chong-Yu Wang(T 5% &)
Chin. Phys. B . 2017, 26(7): 076104. doi: 10.1088/1674-1056/26/7/076104

Effects of pressure on structural, electronic, and mechanical properties of a, 8, and y uranium

Hui-Jie Zhang(5k Z7), Shi-Na Li(Z={H4F), Jing-Jing Zheng (4 i ), Wei-Dong Li(Z= T %<), Bao-Tian Wang(ZL {2 1)
Chin. Phys. B . 2017, 26(6): 066104. d0i: 10.1088/1674-1056/26/6/066104

Electronic and thermoelectric properties of Mg,GexSn;.4 (x=0.25, 0.50, 0.75) solid solutions by
first-principles calculations

Kai-yue Li(Z=FFiK), Yong Lu(& 5), Yan Huang(#11), Xiao-hong Shao(FlHE4L)
Chin. Phys. B . 2017, 26(6): 066103. d0i: 10.1088/1674-1056/26/6/066103


http://cpb.iphy.ac.cn/EN/abstract/abstract74322.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract74323.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72829.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70275.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70275.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70152.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70075.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70075.shtml

Chin. Phys. B  Vol. 28, No. 8 (2019) 086103

Electronic structure of single-crystalline graphene
grown on Cu/Ni (111) alloy film*

Xue-Fu Zhang(5k2% &)"%*, Zhong-Hao Liu(X!|# i) * ¥, Wan-Ling Liu(Xl| J741)3, Xiang-Le Lu(/#£55)!,
Zhuo-Jun Li(Z = E)1, Qing-Kai Yu(FKkil)!#, Da-Wei Shen(ZLAfH)!*#, and Xiao-Ming Xie(i#figi)!1234

1 State Key Laboratory of Functional Materials for Informatics, Shanghai Institute of Microsystem and Information Technology (SIMIT),
Chinese Academy of Sciences, Shanghai 200050, China

2 University of Chinese Academy of Sciences, Beijing 100049, China

3School of Physical Science and Technology, Shanghai Tech University, Shanghai 200031, China
4 CAS Center for Excellence in Superconducting Electronics (CENSE), Shanghai 200050, China

(Received 15 April 2019; revised manuscript received 14 May 2019; published online 9 July 2019)

Graphene with a Dirac cone-like electronic structure has been extensively studied because of its novel transport
properties and potential application for future electronic devices. For epitaxially grown graphene, the process conditions
and the microstructures are strongly dependent on various substrate materials with different lattice constants and interface
energies. Utilizing angle-resolved photoemission spectroscopy, here we report an investigation of the electronic structure
of single-crystalline graphene grown on Cu/Ni (111) alloy film by chemical vapor deposition. With a relatively low growth
temperature, graphene on Cu/Ni (111) exhibits a Dirac cone-like dispersion comparable to that of graphene grown on Cu
(111). The linear dispersions forming Dirac cone are as wide as 2 eV, with the Fermi velocity of approximately 1.1x
10 m/s. Dirac cone opens a gap of approximately 152 meV at the binding energy of approximately 304 meV. Our findings
would promote the study of engineering of graphene on different substrate materials.

Keywords: single-crystal graphene, electronic structure, Cu/Ni (111)
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1. Introduction

Graphene is well studied as a two-dimensional (2D) ma-
terial with fantastic physical properties such as high carrier
mobility, atomically thin thickness, and ultra-high mechanical
strength, which make it a potential candidate for versatile ap-
plications, especially for microelectronics.!'="! The synthesis
of large-size single-crystal graphene (SCG) film is highly de-
sired for electronic applications. One can produce high-quality
and large-size SCG by epitaxial growth on various substrates
such as Cu (111) through highly oriented islands of graphene
seamlessly into an SCG.[!%-13] For epitaxial graphene grown
on the substrates with different lattice constants and inter-
face energies, the substrates have a significant effect on both
growth conditions and electronic structures of graphene.[!4-23]
Upon interaction with the underlying substrate, the electronic
structure of graphene would efficiently change, e.g., resulting
in band gap at Dirac point.['%26-39 Actually, different band
gaps of graphene on various substrates have been reported by
angle-resolved photoemission spectroscopy (ARPES),[16-26:30]
which indicate that the substrates have an important influence
on the electronic structural properties of graphene.

In this work, we have successfully grown high-quality

SCG by chemical vapor deposition (CVD) on a novel sub-
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strate Cu/Ni (111) thin film, with a growth temperature lower
than that on other conventional substrate. The low growth
temperature not only decreases the energy consumption, but
also solves a variety of problems, including high contamina-
tion, metal evaporation, and wrinkles owing to the mismatch
of thermal expansion coefficients between the substrate and
graphene. By means of ARPES, we systematically investigate
the electronic structure of single-crystalline graphene grown
on Cu/Ni (111), which has been characterized before by op-
tical imaging (OM), scanning electron microscopy (SEM),
atomic force microscope (AFM), Raman spectroscopy, and
low energy electron diffraction (LEED). We find that the
graphene grown on Cu/Ni (111) has the high crystallinity and
the robustness of the Dirac cone-like electronic structure. The
Dirac band crossing at the binding energy of 304 meV opens
a gap of approximately 152 meV, which is supposed to be in-
duced by the interaction with the substrate.

2. Experiment

SCG was acquired by CVD on Cu/Ni (111) thin film at
750 °C with 300-sccm Ar, 20-sccm Hp, and 50-sccm CHy
(0.5% diluted in Ar) for 50 min for pretreatment at atmo-
spheric pressure. The source of Cu/Ni alloy contains 85% Cu
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and 15% Ni. Subsequently, the sample was rapidly cooled
under the same gas flow. To characterize graphene by Ra-
man spectra, the as-grown graphene film was transferred onto
Si0,/Si substrate by the poly(methyl methacrylate) (PMMA)-
assisted method. Graphene film was spin-coated with PMMA
and baked at 50 °C for 10 min. Then, a 1-mol-L~! NayS,0g
solution was used to etch the Ni/Cu film away. After being
rinsed by deionized water, the PMMA/graphene was subse-
quently washed by isopropanol and then dried in air for 10 min
before it was placed onto the SiO,/Si substrate. Subsequently,
the PMMA was dissolved by acetone.

ARPES measurements were performed at the dream-line
and 03 U beamline of Shanghai Synchrotron Radiation Facil-
ity (SSRF). The energy and angular resolutions were set to
15 meV and 0.2°, respectively. The samples were heated from
room temperature to 300 °C and then kept at 300 °C for 6
hours in the ultra-high vacaum (UHV) chamber to clean the
surfaces before measurements. During the measurements, the
temperature was kept at 30 K and the pressure was maintained
greater than 5 x 10! Torr (1 Torr=1.33322x10° Pa).

3. Results and discussion

The substrate of Cu/Ni (111) alloy film is characterized
by a scanning electron microscope, electron backscattering
diffraction (EBSD), and x-ray diffraction (XRD), respectively,
as shown in Fig. 1. The SEM image (Fig. 1(a)) illustrates the
ultra-flat substrate without grain-boundary. In order to check
the crystallinity of the Cu/Ni thin film, we have carried out the
EBSD mapping. As shown in Fig. 1(b), the EBSD pole im-
age of Cu/Ni film shows three evenly distributed points, which
indicates the single-crystal Cu/Ni film without in-plane twin
structures."2! The XRD characterization (20 scan) indicates
an out-of-plane (111) orientation of the face-centered-cubic
Cu/Ni alloy thin film (Fig. 1(c)). The lattice constant of the
substrate is 0.363 nm, which is close to the lattice constant
of Cu substrate (0.361 nm). Additionally, a ¢ scan is con-
ducted by rotating the sample normal to the surface with high-
resolution XRD. As shown in Fig. 1(d), the diffraction peaks
of Cu/Ni film periodically appear at intervals of 120° with a
very narrow full width at half-maximum of 0.3°. The 3-fold
trigonal symmetry of single (111) pole also further supports
the single crystalline nature of the Cu/Ni (111) film without
in-plane twin structures.!!%!? Combining the EBSD and XRD
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results, we can confirm that the Cu/Ni alloy thin film is single-
crystalline with the (111)-oriented.
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Fig. 1. Characterization of the Cu/Ni (111) film. (a) SEM image of the mor-
phology of Cu/Ni (111) thin film. (b) EBSD map of Cu/Ni (111) thin film.
The inset shows the pole figure of Cu/Ni (111) thin film. (c) XRD pattern of
Cu/Ni (111) film, showing the well-defined (111)-orientation out-of-plane.
(d) High-resolution XRD azimuthal off-axis scan of Cu/Ni (111) in-plane
orientation.

Graphene/Cu (111) has a lattice mismatch ratio of ap-
proximately 4% while that of graphene/Ni (111) is only 1.2%.
Comparing to Cu (111), Ni (111) has a stronger catalytic abil-
ity to decompose methane. Figure 2 shows the manufacturing
process of single-crystal graphene on Cu/Ni (111) substrate
by CVD. Cu/Ni (111) thin film is fabricated firstly on Al,O3
(0001) for epitaxy of graphene. The nucleation of grapheme
is deposited on Cu/Ni (111) with identical orientation because
of the regulation of single-crystal substrate. Then graphene
domains seamlessly stitched and formed a single crystal.

Figures 3(a)-3(c)
graphene film grown on Cu/Ni (111) characterized by the OM,
SEM, and AFM, respectively. Figure 3(d) shows the OM
of graphene transferred on a Si substrate covered by 300-
nm SiO,. The representative Raman spectra of transferred
graphene are taken randomly, as shown in Fig. 3(e). Without
D peak of the graphene, the intensity ratio of 2D/G band is ho-
mogeneously larger than 2, indicating high-quality monolayer
graphene. The LEED measurement is applied to investigate
the crystallinity of graphene grown on Cu/Ni (111) alloy film.
As shown in Fig. 3(f), the LEED pattern of the graphene shows
only one set of diffraction pattern with an aligned six-fold ro-
tational symmetric spots arranged in a suitable honeycomb lat-

show the ultra-flat wrinkle-free

tice, indicating single-crystal graphene with uniform size and

orientation.
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Fig. 2. Schematic diagram of experimental design for growth of graphene on Cu/Ni (111).
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Fig. 3. Investigation of graphene on Cu/Ni thin film. (a) Typical optical images of graphene covering on the Cu/Ni alloy thin film. Inset: Raman spectra of
graphene grown on Cu/Ni. (b) The SEM morphology of graphene on Cu/Ni (111) thin film. (c) The AFM morphology of graphene grown on Cu/Ni (111)
thin film. (d) Optical images of graphene transferred onto the SiO,/Si substrate. (¢) Raman spectra of graphene taken randomly from panel (d). (f) LEED
pattern of graphene on Cu/Ni (111).
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Fig. 4. Fermi surface and low-energy electronic structure of graphene grown on Cu/Ni (111) film. (a) ARPES Fermi surface intensity plot at the Fermi
level. The redundant intensity apart from the K (K”) point was contributed by the substrate. The red-solid lines represent the first Brillouin zone. (b) ARPES
intensity plot along the F'—-K—K’ direction. (c) The Dirac-like band dispersion at the K point. (d) MDC plots of the Dirac-like dispersion. The black-dashed
lines indicate the linear dispersions. (e) The MDC# indicated in panel (d) is fitted by two Lorentzian functions and one constant term. (f) EDC at the center
of the K point.

We investigate the Fermi surface and the low-energy elec-  face intensity plot, which is similar to that of graphene grown
tronic structure of graphene grown on Cu/Ni (111) film by  on Cu (111) substrate.[?®! The bright spots at the K (K”) point
ARPES. As shown in Fig. 4, the clear images of the Fermi sur- are attributed to the spectra from the top graphene, while the
face and the dispersive bands are indicative of the high crys-  redundant intensity should come from the substrate, i.e., Cu—
talline quality of the sample. Figure 4(a) shows the Fermi sur-  Ni sp bands. Estimating from the data, the value of the dis-
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tance from K to K’ point is 1.724+0.02 A~!, corresponding
to the lattice constant of approximately 2.43 A. Figure 4(b)
shows the wide valence bands along I'-K—K' direction near
the Fermi level. One can clearly see the Dirac-like dispersions
at the K and K’ points, in which the 7 and ¢ bands come from
the carbon, and the sp and d bands are from the substrate. To
quantitatively study the Dirac-like dispersion, we zoom in the
photoemission intensity plot around the K point, as shown in
Fig. 4(c). Figures 4(d) and 4(f) show the corresponding mo-
mentum distribution curves (MDCs) and energy distribution
curve (EDC) centered at the K point, respectively. By fitting
the MDCs (Fig. 4(e)) and then extracting the dispersion, we
can obtain that the Fermi velocity of the linear dispersion is
approximately 1.1 x 10° m/s. The EDC indicates that a gap
of approximately 152 meV opens at the binding energy of ap-
proximately 304 meV, the Dirac point. The gap size is smaller
than that of graphene on Cu (111) which is about 250 meV at
the binding energy of approximately 300 meV. ¢!

The factors in the opening of the bandgap of graphene
come from many aspects. It is generally believed that the de-
cisive factor is symmetry breaking induced by the interaction
with the substrate. There are two principal types of symme-
try breaking resulting in the bandgap of graphene. One is
the spatial inversion symmetry breaking, and the other is lat-
tice translational symmetry breaking. Two sides of epitaxial
graphene are, respectively, subjected to different interactions
from the substrate and space, leading to spatial inversion sym-
metry breaking. Thus, the substrate-induced bandgap opens in
epitaxial graphene. On the other hand, the crystal defect, such
as wrinkles, atomic vacancies, and localized disorders, would
break the translational symmetry.

The bandgap of graphene grown on Cu/Ni (111) is
smaller than that of graphene on Cu (111), which indicates
that the symmetry breaking induced by Cu/Ni (111) substrate
is less than that in graphene/Cu (111). In addition, the slight
difference between the carbon atoms on Cu and Ni atoms
would break the translational symmetry and further affect the
bandgap of graphene, which need to be further studied.

4. Conclusion

In summary, we have reported a new approach for the fab-
rication of ultra-flat single-crystal graphene on Cu/Ni (111) at
750 °C, which is much lower than those of earlier reports on
catalytic substrates. The energy-momentum dispersion mea-
sured by ARPES reveals the robustness of the Dirac-like dis-
persion. The gap sizes of Dirac-like band of graphene on dif-
ferent substrates have quantitative differences resulting from
the interaction of the substrates, which might provide a sug-
gestion to optimize the synthesis conditions for graphene. The
relatively low growth temperature with the robust Dirac-like
dispersion at the Fermi level suggests graphene on Cu/Ni (111)
as a remarkable platform for studying and applying the novel

physical properties related to Dirac fermions. In addition,
by building relationship between the single-crystal graphene
electronic structure and the parameters of the CVD methods,
ARPES studies are able to provide the key information on the
optimal synthesis conditions of the graphene and shed light on
the electronic structure responsible of their chemical, physical,
and transport behaviors.
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