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Abstract ; Two-dimensional (2D) graphene has shown great potential of breakthrough of Moore’ s law limitation due to its atomic
thickness in electronic devices. Up to now, chemical vapor deposition (CVD) is a widely applied method for graphene growth
due to its low-cost, large-area production, and easy control in layer number. However, the CVD-grown graphene usually suffers
from relatively low quality derived from the polycrystalline nature of catalytic metal (e.g., Cu) substrates. Herein, single-crystal
Cu (111) substrates were fabricated by a high-temperature annealing process, initial nucleation of graphene on it has been
well controlled, and high-quality and centimeter-size single-crystal graphene was achieved. The Cu (111) substrate provides
onefold orientation for the graphene growth according to their lattice matching relation, and domain boundaries of neighboring
graphene nuclei could stitch together. The as-grown single-crystal graphene has an average sheet resistance of 607.5 Q + sq ™'
Compared to that of grown on the pristine polycrystalline Cu (1 415.7 Q - sq'), it shows high electrical conductivity.
High-temperature annealing purified the Cu foils, and induced a clean graphene surface with lower roughness. The quality of
graphene is further verified by using it in a field-effect transistor (FET) , resulting in a maximum switch ratio of 145.5 and
carrier mobility of 2.31 x 10’ em® + V™' + s7'. Based on these results, we believe that the single-crystal graphene in present
work is also feasible for fabricating other high-performance electronic devices.

Key words;Cu (111) ; graphene; high-temperature annealing; chemical vapor deposition; field-effect transistor

CLC number:0782*.7 Document code: A Article ID;1000-985X(2023)11-1980-09

DOI:10.16553/j.cnki.issn1000-985x.20231011.001
ER K Cu (111) #1)E FAE KRR R ) b A S
AR HR OFE?ERAR, SRR TR, AR, REFE?,
g7 FhwedR't KRR

(1. ER B R RIS Y EBTT T, 2O RN I E R A SR E , KE - 1300335
2. RERME B K ARRLE S TR AL JEaT 100049 ;3. MR 2 KA B HIRLE 515 B TR, KE  130117)

. 4 2D) ARG HA T RIR R 1 a8 R o S B BE J) O R B BRI 1, HR, fls DR
(CVD) Je—Bh 32 BT T4 s A 007 12 3 R AROAS R T ARAE 7™ Rl o TR JZ RO ok o 2K, o T AL 4

Received date:2023-04-13

Foundation items: National Key R&D Program of China (2021YFB3601600) ; National Natural Science Foundation of China (61827813, 52002368,
62121005, 62074147, 62022081, 61974099 ) ; Natural Science Foundation of Jilin Province (20230101345]JC, 20230101107]JC,
20230508132RC) ; Youth Innovation Promotion Association of the Chinese Academy of Sciences ('Y201945, 2019222)

Biography : QI Jianhai (1995—), male, from Jiangsu Province, master. E-mail; 2603591798@ qq. com

Corresponding author: CHEN Yang, associate researcher. E-mail; cheny@ ciomp. ac. cn

SUN Xiaojuan, researcher. E-mail: sunxj@ ciomp. ac. cn



QI Jianhai et al: Growth of High-Quality Centimeter-Size Single-Crystal Graphene on High-Temperature
RN Annealed Cu (111) Substrate 1981

(BIan Cu) #HIE—Mh 2 S REE, B30 CVD AR K A BB SR T A X AR 25 . Ok, A R R K T A T
Cu (111) B AP , oA SR04 O 00 U A% it RS 3 T AR e A sl DT S0 1 JEEC A R ) v Jo o4 4 s 10 o 5
FRAE & A RS DE L SCR , Cu (111) A i Ay BB 2B A B AL 1 P — 1 A B, A 40 7 B8 075 A% 5 1 3 SRS 4
i, BHOREEARLSR MR TRIAEZMS Cu EAERKNARIE(1415.7 Q - sq7") , P2 ERE
607.5 Q -« sq ™', iR JCRE RS TE I H G, DI 3R A5 2 TEDRURE B A AIK 4 T v A SR R A BRI T S RO R A
(FET) , fF IR K OC LR 145. 5 3R TR K 2.31 x10° em® - V7! - 7'y T FS5HE AHEA TAE D i
A B TS A b e M R PR R A 5

FEEEIA Cu (111) 541 895 ; IR K b SARDUBL S50 S A4

0 Introduction

Since two-dimensional (2D ) graphene was firstly prepared by Novoselov et al. in 2004''" | it has been

developed rapidly due to its excellent mechanical strength'?’ | high carrier mobility'*’ and thermal conductivity'*'.

The electronic devices based on graphene, for example graphene field-effect transistor ( G-FET ), show high
operation speed and carrier mobility. Meanwhile, the atomic thickness of graphene might break the limitation of
Moore’ s law. Currently, the chemical vapor deposition (CVD) method is widely applied for the growth of graphene

and other 2D materials"™®’ | showing unique advantages of low-cost, large-area production, and easily controlled

[7 [8-11]

properties compared to mechanical exfoliation'’’ and liquid-phase exfoliation . However, the as-grown graphene

by CVD method still faces a great challenge of relatively low crystalline quality derived from the polycrystalline

catalytic Cu substrate. The polycrystalline Cu may cause chaotic orientation of graphene nucleation and induce

. . 12-13
numerous defects and grain boundaries''>"*’.

Up to now, the Cu foils are widely severed as the catalytic metal substrate for graphene growth for its excellent

4! The CVD-grown mechanism of

[15-16]

catalytic ability, easy availability and proper epitaxial relationship with graphene
graphene on Cu substrate is known as a surface catalytic process because of its low carbon species solubility
When the precursor (e.g., CH,) is decomposed in the presence of catalyst Cu at high temperature, the carbon
atoms would be adsorbed on the Cu surface and arranged into hexagonal structure by the lattice field action of
underneath Cu substrate. Therefore, the lattice matching between graphene and Cu substrate determines the initial
nucleation orientation, implying that the crystalline properties of Cu are crucial for high-quality graphene growth.
The single-crystal Cu (111) possesses a hexagonal symmetry, which perfectly matches with the graphene lattice,
and may confine the graphene nuclei in one and only orientation''”’.

Direct high-temperature annealing of polycrystalline metals is a generally used method to improve their

8197 The crystal orientation transformation and grain boundary mergence may happen during the

[19]

crystalline quality
annealing process. In previous works, the high-temperature annealing of suspending metal foils' "~ , introducing
single-crystal seed ™' | and making slits in metal foils'*'" are proposed to produce their single-crystal formation in
large size. However, these unavoidable preconditions restricted the preparation of single-crystal metals, and made
the preparation process more complicated. Here, a simple annealing method needs to be further explored and
investigated for preparing single-crystal Cu (111) substrate, which would facilitate the advances of high-quality
growth of graphene and fabrication of high-performance electronic devices.

In this work, single-crystal Cu (111) catalytic substrate is obtained from its pristine polycrystalline state by an
optimized high-temperature annealing process. The length of Cu foil is 5 em. By carefully regulating the annealing
conditions, the surface morphology of Cu becomes much flatter and smoother. The initial nucleation orientation of
graphene on Cu (111) is in orderly arrangement because of their onefold lattice matching relation, and thus
centimeter-size single-crystal graphene layer is achieved. The graphene grown on annealed single-crystal Cu (111)
shows decreased residues and pollution, with an optimized root-mean-square roughness (Ra) of 1.41 nm. Besides,

the high quality of graphene is verified by the minor oxidation of underneath catalytic Cu foils, low sheet resistance,
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and weak intensity of defect-related D band in Raman spectra/mapping measurement. The G-FET is fabricated to

further evaluate the electrical properties of single-crystal graphene.

1 Experimental section

1.1 High-temperature annealing of Cu foils

The 25 pm-thick Cu foils purchased from Jin Ding Metals were pretreated by HCI solution (10% , volume
fraction) to remove the oxidized layer, then, cleaned by deionized (DI) water and dried by N, gun'*'. The
pretreated Cu foils were cut into square sheets each with a size of 5 em X 5 em, and placed in a half quartz tube
with the diameter of 5 cm. The quartz tube with Cu foils was placed into a low-pressure CVD ( LPCVD) system
(BEQ, Anhui Best Equipment Technology Co. , Ltd. , China), just locating at the middle area of the heating box.
The annealing chamber was evacuated to ~6 Pa for venting the air, and 50 mL/min Ar and 10 mL/min H, were put
in for providing protection and reduction environment for Cu annealing, corresponding to a pressure of ~56.7 Pa.
The Cu foils were annealed at a temperature of 1 060 °C for 3 h, and slowly dropped to room temperature by ~4 h.
It should be noted that the annealing conditions of temperature, time, and Ar/H, flux were carefully controlled and
investigated.
1.2 Growth and transfer of graphene and fabrication of G-FET

The annealed Cu foils were used as the catalytic substrate for graphene growth, and the pristine polycrystalline
Cu severed as the reference. The graphene growth was subsequently carried out in the LPCVD system. 100 ml/min
Ar as carrier gas, 5 ~50 mL/min H, as reduction gas, and 1 ~3 mL/min CH, as carbon source were put in, and
the growth temperature was maintained at 1 000 °C. In order to observe the nucleation and coalescence processes,
the growth of graphene was interrupted at the timeline of 5, 15 and 40 min. After the growth, the samples were
rapidly cooled to room temperature within 1 h by directly removing the heating box and exposing the region of
samples to the surrounding environment.

For further evaluation, the graphene was transferred onto dielectric substrates (e. g., Si/Si0,) by a

%) The S1805G polymer was spin-coated onto

previously reported S1805G polymer-assisted wet transfer strategy
the front graphene on Cu, and the backside graphene was etched away by Ar plasma. The chemical etching of Cu
consists of two steps, one is rapid in which the etchant of H,0, & HCI mixture solution is applied, and the other is
the slow in which Na, (SO, ), solution was applied. Then, the graphene/S1805G was cleaned by DI water and
transferred onto the dielectric substrate. After drying in air, the S1805G polymer was removed in hot organic
solvent, leaving the graphene layer on the substrate.

The G-FET was fabricated by depositing a pair of Ti/Au electrodes via the widely used “lift-off” method,
10 nm Ti and 50 nm Au were evaporated by electron beam evaporation and thermal vacuum evaporation,
respectively. The evaporation rate and chamber pressure are controlled to be 0.5 A + s ™' and less than 5 x 10 ~* Pa.
Since the high-temperature treatment of graphene may cause additional damage, none metal electrode annealing is
applied, which could maintain the pristine quality of graphene.
1.3 Characterization and measurement

The crystalline properties of Cu foils were evaluated by X-ray diffraction ( XRD, D8 Focus, Bruker,
Germany). Raman spectrophotometer ( LabRAM HR Evolution, HORIBA Scientific, UK) with a 532 nm excited
laser was applied to measure the Raman spectra and mapping of graphene. The surface morphology of Cu
oxidization and transferred graphene were measured by scanning electron microscope ( SEM, S-4800, Hitachi,
Japan) and atomic force microscopy ( AFM, MULTI MODE 8, Bruker, Germany). The large structures of the
surface of Cu foils were observed by optical microscope (OM, DS-Ri2, Nikon, Japan). The sheet resistance of
graphene was obtained by 4-probe resistivity measurement system ( RTS-8, 4 Probes Tech, China).

The output characteristic and transfer characteristic curves of G-FET were measured by a semiconductor tester
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(FS-Pro, Shenzhen Cindbest Technology Co. , Ltd. , China).

2 Results and discussion

2.1 Preparation of single-crystal Cu (111) by high-temperature annealing

The schematic diagrams of Cu annealing, graphene growth and transfer are shown in Fig. 1(a) ~ (f), the
details are illustrated in the above. The inset in Fig. 1(d) reveals that the lattice of Cu (111) is perfectly matched
with the hexagonal structure of graphene. After annealed at 1 060 °C for 3 h (see Fig. 1(g) ), the Cu foil was
etched by Na, (SO, ), solution to raise the grain boundaries, and the pristine Cu is used as the reference. The
photos of the etched Cu foils are shown in Fig. 1(h) (pristine Cu) and Fig. 1(i) (annealed Cu). There are
numerous flashy spots in the pristine Cu, which belong to the different orientation of Cu crystalline domains.
However, the annealed Cu exhibits uniform morphology, and the domain boundaries obviously decreased. It should

be noted that the uniformity of the annealed Cu has covered its full length of 5 cm.

Fig. 1 Fabrication of large-area Cu (111) substrate and growth of single-crystal graphene. Schematic diagrams of high-temperature
Cu annealing (a), (b), graphene growth (c¢), (d) and transfer processes (e), (f). The inset of (d) is the lattice matching
relation of graphene on the Cu (111). (g) Configuration of annealed Cu foils in the chamber of LPCVD system. (h) Digital

photos of the pristine Cu and (i) annealed Cu foils after the chemical etching

As shown in Fig. 2(a), there are numerous one-dimensional (1D) ridges on the pristine Cu foils, which were

induced during the manufacturing process named as metallurgical cold rolling'*!.

In this process, the rolling
temperature is much lower than that of the melting point of Cu, and the hard scraping with roller pins would imprint
1D ridges on Cu foils. After high-temperature annealing, these ridges were eliminated, resulting in smoother
surface morphology as shown in Fig. 2(b). These results are further evaluated by the AFM images in Fig. 2(c)
and (d), and the height profiles extracted from AFM images are shown below. The maximum height fluctuation of
the pristine Cu foil is ~40 nm, which is much higher than that of annealed Cu foil ( ~15 nm). Besides, well-
organized step structures are observed for the annealed Cu foil in Fig. 2(d), as marked by the dashed lines. These

structures are recognized as bunched step-edges on the annealed Cu foils, which was also reported in the previous

work P2/ The step-edges with widths of several hundred nanometers are bunched by numerous atomic steps,
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which were generated during the cooling process of Cu annealing by the surface reconstruction process.

Fig.2 Characterization and comparison of pristine Cu foils and high-temperature annealed single-crystal Cu (111) foils.
OM images (a) and AFM images (c) of pristine Cu foils and annealed Cu foils (b), (d). The bottom of (¢) and (d) is height
profile extracted from the AFM images, these positions are marked by the white dashed lines. XRD 26 scans of

pristine Cu foils (e) and annealed Cu foils (f), five positions are selected for each sample

The surface morphology variations of annealed Cu foils after different annealing time (1, 2 and 3 h) are
measured and compared. It is found that the planarization of Cu foils is progressive, and the 1D ridges gradually
decrease with the annealing time increasing. In addition, the domain boundaries still exist for Cu foils annealed for
1 and 2 h, and the domain boundary density decreases for longer annealing time. For 3 h annealing, both of the 1D
ridges and domain boundaries are eliminated, which is consistent with the results shown in Fig. 2(b) and (d).
These results indicate that the annealing time of 3 h is enough for optimizing the surface morphology of Cu foils in
present work.

26 scans in XRD patterns are applied to evaluate the crystalline properties of Cu, as shown in Fig. 2(e) and
(f), five positions on the pristine Cu (Pl ~P5) and annealed Cu (Al ~ A5) are selected. The polycrystalline
nature of pristine Cu is revealed by the multiple crystal plane diffraction peaks of Cu (111), Cu (200), and Cu
(220) " for the five measured positions. As a comparison, the Cu foils annealed at 1 060 °C for 3 h exhibits only
one peak related to Cu (111) crystal plane. The uniform diffraction peaks for these measured positions proved the
consistent out-of-plane Cu (111) orientation. In addition, the chemical etching of annealed Cu foils in Fig. 1(i)
shows nearly none domain boundary, demonstrating the uniformity of in-plane orientation. Therefore, it could be
concluded that the single-crystal Cu (111) is obtained by the high-temperature annealing process. It is known that
the Cu (111) crystal plane in the face-centered cubic metal is the most thermodynamically stable, thus, atoms
would tightly pack along this plane during the annealing process™.

2.2 Nucleation and growth of graphene on single-crystal Cu (111)

The nucleation and growth behaviors of graphene on pristine polycrystalline Cu and annealed single-crystal Cu
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(111) are compared, and corresponding SEM images at certain growth timelines are shown in Fig. 3(a) and (b).
In order to make the graphene layer on Cu more obvious, the as-grown samples are oxidated in air by heating,
during which CuO, generated at the area without the graphene coverage. For the initial growth time of 5 min, high-
density graphene nucleation with a random distribution occurs on the pristine polycrystalline Cu, it is recognized
that the irregular 1D ridges and domain boundaries of pristine Cu foils provide nucleation sites for graphene
growth'®). As for the single-crystal Cu (111), the graphene has lower nucleation density and larger size,
meanwhile, the orientation of graphene nuclei follows exactly the same direction, as marked by the dashed lines.
As the growth time going for 15 and 40 min, the graphene has merged into a continuous film. After oxidation of Cu
foils, lots of CuO, particles (e. g., typical white dots marked by solid lines) generate over the graphene layer
grown on pristine polycrystalline Cu, implying that there are many detects for oxygen permeation. As a comparison,
no obvious oxidation of annealed single-crystal Cu (111) is observed (40 min growth of graphene), which is
enabled by the stitch of domain boundaries because of the well-arranged graphene nucleation orientation. These
results demonstrate that the graphene layer grown on single-crystal Cu (111) also has single-crystal characteristics.

The graphene nucleation properties (5 min growth) on single-crystal Cu (111) are further evaluated by
Raman mappings shown in Fig. 3(c) ~ (f), as the graphene was transferred onto a Si/SiO, substrate. The
intensity of D band (I,)) reflecting the defect level in graphene, shows that the graphene nuclei possess a high
quality (see Fig. 3(c)). As for the intensity of typical G band (I, see Fig.3(d)) and 2D band (/,,, see
Fig.3(e) ), the corresponding graphene intensity mappings describe its nucleation density, size, and orientation,
which are consistent with that measured by SEM in Fig. 3(b). The layer number of graphene is sensitive to the
ratio of I, to 1. (L,,/1;), the I,,/1; with a value close to 2 proves the monolayer nature of as-grown graphene

nuclei, as shown in Fig. 3(f).

Fig.3 Characterization of graphene nucleation and growth on polycrystalline Cu foils and single-crystal Cu (111) foils. SEM images of
graphene nucleation and growth coalescence on the pristine polycrystalline Cu (a) and annealed single-crystal Cu (111) (b). The growth
time of graphene is controlled at 5, 15 and 40 min. Raman mapping of the I;,(¢), I.(d), I,,(e), and L,,/I,(f) for the graphene

nucleation on annealed single-crystal Cu at the time of 5 min, which is transferred and measured on the Si/SiO, substrate
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For the pristine polycrystalline Cu foils fabricated by the metallurgical cold rolling, pollution and oxidation are
inevitable, which causes adverse influence on the surface morphology of as-grown graphene. As shown in Fig. 4 (a)
and (b), the three-dimensional (3D) AFM images of graphene (40 min growth) transferred onto Si/SiO, reveal a
much cleaner surface morphology for that grown on the annealed single-crystal Cu (111), in which the Ra
decreases from 8.78 nm (for the pristine polycrystalline Cu) to 1.41 nm. The purification of Cu foils is achieved
by the high-temperature annealing process, and thus eliminating the residual pollutants on the graphene layer. The
graphene resistance is positively related to the domain boundaries, and the latter hinders the transportation of free
carriers. In Fig. 4(c), the sheet resistance distribution of graphene layer transferred onto Si/SiO, is established
(20 positions are measured ). The single-crystal graphene possesses lower sheet resistance with an average value of
607.5 Q - sq~', and the statistic distribution is more concentrated. In contrast, the polycrystalline graphene has
a high average sheet resistance of 1 415.7 - sq~'. The deduction in resistance for single-crystal graphene

demonstrates its high quality.

Fig.4 Characteristics evaluation of polycrystalline graphene and single-crystal graphene transferred onto Si/SiO, substrate.
3D AFM images of polycrystalline graphene (a) and single-crystal graphene transferred onto the Si/SiO, substrate (b).
(c¢) Statistical distribution of graphene sheet resistance. Raman mapping of I, for the polycrystalline graphene (d) and

single-crystal graphene (e). (f) Raman spectra of graphene extracted from the Raman mapping in (d) and (e)

The Raman mappings of defect-related I, is shown in Fig. 4(d) (polycrystalline graphene) and Fig. 4 (e)
('single-crystal graphene) , the color scale is equal as 0 ~400. Hence, the bright color in Fig. 4(d) represents the
high-density defects in polycrystalline graphene layer. As for the single-crystal graphene layer, the I;) has been
obviously decreased. These resulis are also confirmed by Raman spectra in Fig. 4(f) , which are extracted from the
Raman mapping in Fig. 4(d) and (e).

2.3 High-mobility G-FET based on single-crystal graphene

In order to further evaluate the quality of single-crystal graphene, a G-FET was constructed with the as-grown
graphene as channel, and the schematic diagram of the device structure is shown in Fig. 5(a). The corresponding
OM image in Fig. 5(b) identifies that the graphene channel has a length of 50 pm.

The output and transfer characteristics of the G-FET were measured at room temperature, and the plotted

curves are shown in Fig. 5(c¢) and (d). The output curves were measured by varying the gate voltage (V,,) from
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0 to 80 V, showing the regulation of channel resistance by V.. The drain-source current (/, ) as a function of

ds

drain-source voltage (V.

ds

) exhibits a completely linear behavior, which is typical for the G-FET with metal-
graphene-semiconductor junctions, since that the graphene possesses a zero bandgap ***'.

At the V, of 8.5 V, the transfer characteristic of G-FET in Fig. 5(d) shows a graphene Dirac point at the V,
of 63.5 V, proving its p-type doping. The switch ratio and carrier mobility calculated according to the transfer

characteristic curve are 145.5 and 2.31 x 10> ecm®> + V™' - s7' | proving the excellent performance of G-FET.

Fig.5 Device configuration and electrical properties of G-FET. (a) Schematic diagram of G-FET device structure.
(b) Top-view OM image of the G-FET. The inset is enlarged OM image of the G-FET channel. Output characteristic
curves (c) and transfer characteristic curve of the G-FET (d)

3  Conclusions

We demonstrated the preparation of centimeter-size single-crystal Cu ( 111 ) by the high-temperature
annealing. The dynamic investigation of Cu foils during the annealing process shows the gradual mergence of
domain boundaries. The annealing of Cu foils also contributes to the deduction of 1D ridge structures, resulting in
smoother surface and later nucleation regulation of graphene. As a comparison with pristine polycrystalline Cu foils,
the graphene layer grown on annealed Cu (111) substrate exhibits a single-crystal nature with stitched domain
boundaries, low-density defects, clean surface, and enhanced electrical conductivity. The single-crystal graphene
was applied to fabricate G-FET, and achieved a high switch ratio and fine carrier mobility, further confirming the
high quality of as-grown graphene layer. This work provides an efficient method for fast preparation of single-crystal
catalytic Cu substrate and obtaining high-quality graphene layer, which would also be extended into other 2D

materials, e.g. , h-BN, triggering the advances of atomic thin-film optoelectronic and electronic devices.
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