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ABSTRACT
Chemical vapor deposition (CVD)-grown graphene films on Cu foils, exhibiting fine scalability and high quality, are still suffering
from  the  adverse  impact  of  surface  contamination,  i.e.,  amorphous  carbon.  Despite  the  recent  successful  preparation  of
superclean  graphene  through  Cu-vapor-assisted  reactions,  the  formation  mechanism  of  amorphous  carbon  remains  unclear,
especially with regard to the functions of substrates. Herein, we have found that the crystallographic orientations of underlying
metal substrates would determine the cleanness of graphene in such a way that slower diffusion of active carbon species on as-
formed graphene-Cu(100) surface is the key factor that suppresses the formation of contamination. The facile synthesis of clean
graphene  is  achieved  on  the  meter-sized  Cu(100)  that  is  transformed  from  the  polycrystalline  Cu  foils.  Furthermore,  a  clean
surface of graphene on Cu(100) ensures the reduction of transfer-related polymer residues, and enhanced optical and electrical
performance,  which  allows  for  versatile  applications  of  graphene  in  biosensors,  functioning  as  flexible  transparent  electrodes.
This  work  would  offer  a  promising  material  platform  for  the  fundamental  investigation  and  create  new  opportunities  for  the
advanced applications of high-quality graphene films.
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1    Introduction
Chemical  vapor  deposition  (CVD) growth of  graphene  on metal
substrates,  especially  on  commercially  available  Cu  foils,  exhibits
remarkable  scalability  and  quality,  and  has  attracted  tremendous
attention  from  researchers  and  industries  in  recent  years  [1–5].
However, the surface contamination on graphene surface has been
widely  reported  to  strongly  degrade  the  promising  properties  of
CVD graphene [6–9],  and impede its  applications,  where a clean
surface  is  especially  needed  [10–12].  Recently,  the  origin  of  the
surface contamination has been found to be rooted in the process
of  high-temperature  CVD  growth,  where  the  intrinsic
contamination,  i.e.,  amorphous carbon,  is  produced on graphene
surface  due  to  the  insufficient  supply  of  Cu  catalysis  [13–16].
Despite  recent  efforts  to  grow clean graphene by suppressing the

formation of amorphous carbon during the growth [13, 14] or the
removal  of  the  contamination  by  post-treatment  [15, 16],  the
formation  mechanism  of  amorphous  carbon,  especially  the
functions of underlying substrates, is still unclear.

Cu foils are the widely used growth substrates for the growth of
high-quality graphene films because of the better control over the
thickness  and  domain  size  [17–19].  However,  commercially
available Cu foils are usually composed of domains with different
crystallographic orientations, delivering a polycrystalline nature of
Cu foils. Distinct growth behaviors of graphene were observed on
different Cu surfaces [20–24], in terms of symmetry and shape of
graphene  domains,  which  are  caused  by  the  different  catalytic
abilities  of  Cu  surface,  primarily  owing  to  the  distinct
configuration of  metal  atoms.  Such catalytic  ability  of  Cu surface
governs  the  elementary  steps  of  the  graphene  growth,
including  the  decomposition  of  carbon  source,  adsorption,
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diffusion and desorption of  carbon species  and the  nucleation of
graphene [25–28].

Herein, we find the crystallographic orientations of Cu foils are
vital for the formation of amorphous carbon on graphene surface,
and, in particular, the surface of graphene grown on Cu(100) (G-
Cu(100))  is  cleaner  than  those  grown  on  other  Cu  surfaces.  The
suppressed formation of amorphous carbon is ascribed to the slow
diffusion  of  carbon  species  on  G-Cu(100)  surface,  which  is
confirmed  by  density  functional  theory  (DFT)  calculation.  After
mass  production  of  meter-sized  Cu(100)  with  the  assistance  of
oxygen, the large-area growth of clean graphene films is achieved.
Meanwhile,  the  clean  graphene  surface  enables  the  reduction  of
polymer  residues  after  the  transfer  of  graphene  onto  functional
substrates.  The  clean  graphene  with  enhanced  optical  and
electrical  performances  is  employed  as  flexible  transparent
electrodes  for  versatile  applications  in  biosensors.  The  large-area
growth  of  clean  graphene  creates  new  opportunities  for
fundamental exploration and application development in the near
future. 

2    Results and discussion
After  the  graphene  growth,  we  transferred  graphene  onto
transmission electron microscopy (TEM) grids without using the
polymer, which would allow us to readily observe the amorphous
carbon [29].  The amorphous carbon contamination on graphene
surface displays a darker contrast than graphene in a TEM image.
The  size  of  continuous  clean  graphene  regions  is  around  tens  of
nanometers,  with  an  areal  ratio  of  clean  regions  (cleanness)  less
than  50%  (Fig. 1(a) and  Figs.  S1–S3  in  the  Electronic
Supplementary Material (ESM)). Such surface contamination was
reported  to  be  originated  from  high-temperature  CVD  growth
[13].  In  combination  of in  situ transfer  method,  we  investigated
the  correspondence  between  crystallographic  orientations  of
underlying  Cu  and  graphene  cleanness,  in  which  five  typical  Cu
crystallographic orientations were used for comparison (Fig. 1(b),
and  Figs.  S4  and  S5  in  the  ESM).  Note  that  the  crystallographic
orientations  of  polycrystalline  Cu  foil  were  probed  by  using  the

electron  backscatter  diffraction  (EBSD)  measurement  (inset  of
Fig. 1(c)). Interestingly, the cleanness of G-Cu(100) is higher than
that  of  the  graphene  grown  on  other  four  types  of  Cu  surfaces
(Fig. 1(b) and  Figs.  S6–S8  in  the  ESM),  which  implies  that  less
amorphous carbon is formed on the surface of G-Cu(100). Thus,
the surface cleanness of CVD-grown graphene is highly related to
the Cu crystallographic orientations (Fig. 1(c)).

DFT  calculation  was  conducted  to  probe  the  formation
mechanism of  amorphous  carbon on  graphene/Cu surfaces  (Fig.
S9  and  Table  S1  in  the  ESM),  which  would  help  understand  the
contribution of  Cu crystallographic  orientations to  the formation
of  amorphous  carbon.  Formation  of  amorphous  carbon
contamination should include three steps: (1) production of active
carbon  species  in  the  gas  phase  and  on  Cu  substrate;  (2)
nucleation of amorphous carbon on graphene surface; (3) growth
of  amorphous  carbon  contamination  on  graphene  surface.  Note
that, the formation of amorphous carbon and growth of graphene
occur  at  the  same  time,  but  at  different  locations  [30].  The
fundamental picture of amorphous carbon formation should be as
follows: After the production of active carbon species that is CH in
the  case  of  growth  of  graphene  on  Cu  [26],  the  fast  diffusion  of
CH species on graphene surface and collision among the moving
carbon  species  would  result  in  the  nucleation  of  amorphous
carbon on graphene surface. Note that, the desorption rate of CH
species  from graphene  surface  is  much  smaller  than  its  diffusion
rate  (Fig. S10  in  the  ESM);  therefore,  the  diffusion  process  is  the
dominating  step  in  the  formation  of  amorphous  carbon
contamination  on  graphene  surface.  The  dendritic  shaped
structure of amorphous carbon also indicates the diffusion-limited
growth of amorphous carbon on graphene surface (Fig. S11 in the
ESM), referring to the growth dynamic of graphene on Cu surface
[31].  Therefore,  the  slow  diffusion  of  active  carbon  species  on
surface  of  G-Cu(100)  would inhibit  the  formation of  amorphous
carbon on  graphene  (Figs.  1(d) and 1(e)).  In  detail,  according  to
the  DFT  calculation,  the  diffusion  barrier  of  CH  species  on  G-
Cu(100)  (1.18  eV)  is  higher  than  that  of  CH  species  moving  on
other  four  types  of  Cu  crystallographic  orientations  (Fig. 1(f)),
confirming  that  the  diffusion  rate  of  CH  species  on  Cu(100)  is
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Figure 1    Growth of  clean  graphene  on Cu(100).  (a)  and (b)  TEM images  of  unclean graphene  (a)  with  the  obvious  distribution of  amorphous  carbon and clean
graphene (b).  (c) Comparison of the cleanness of graphene films grown on polycrystalline Cu foils.  Inset:  EBSD mapping of graphene grown on polycrystalline Cu
substrate. (d) and (e) Schematic diagrams of the growth of graphene on Cu(100) (e) and on other Cu surfaces (d) with different crystallographic orientations. The fast
diffusion of CH species on graphene surface would result  in the nucleation and growth of amorphous carbon (grey),  while the slow diffusion of CH species on G-
Cu(100) would suppress the formation of amorphous carbon. (f) The relationship of the diffusion barriers of CH species on G-Cu with the different crystallographic
orientations of Cu. Inset: The diffusion of CH species on G-Cu surface from bridge site to top site, based on which process the diffusion barriers of CH species were
calculated.
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much  slower.  Thus,  the  nucleation  of  amorphous  carbon  would
be  suppressed  on  G-Cu(100)  surface,  ensuring  a  cleaner  surface.
Moreover,  the  calculation  results  of  diffusion  barriers  of  CH  on
graphene  on  corresponding  five  Cu  crystallographic  orientations
agree  well  with  the  observed  cleanness  in Fig. 1(c),  further
indicating  the  correspondence  between  diffusion  barriers  of  CH
species  and  the  formation  of  amorphous  carbon.  This
understanding  of  formation  mechanism  of  amorphous  carbon
should be instructive for the preparation of ideal metal substrates
for growing superclean graphene.

Figure  2(a) illustrates  the  schematic  of  the  batch-to-batch
production of  clean graphene films grown on large-area Cu(100)
foils,  in  which  the  oxygen  was  introduced  to  initiate  the
transformation  of  polycrystalline  Cu  foils  into  Cu(100).
Specifically, the oxygen chemisorbed on Cu surface could stabilize
the  Cu(100)  orientation  and  impede  the  evolution  of  other  Cu
crystallographic  orientations  [32, 33].  With  the  assistance  of
oxygen,  large-area  Cu(100)  (0.6  m  ×  0.1  m)  substrates  were
successfully  prepared  (Fig. 2(b)),  whose  crystallographic
orientation  was  confirmed  by  X-ray  diffraction  (XRD)  patterns
(Fig. 2(c)  and Fig. S12  in  the  ESM),  EBSD  results  (Fig. 2(d)  and
Fig. S13 in the ESM), and atomic force microscopy (AFM) images
(Fig. S14 in the ESM).

The  growth  of  square-shaped  graphene  single  crystals  and
continuous  films  on  as-received  Cu  (100)  was  then  achieved
(Figs. 2(e)–2(g)), in which 15 min is sufficient for the full coverage
of  graphene  on  Cu  surface.  The  improved  cleanness  of  the  nine
meter-sized  pieces  of  samples  was  further  confirmed  by  the
statistical  results  (Figs.  2(h) and 2(i)).  In  addition,  the  high-
resolution TEM (HRTEM) displays a perfect hexagonal graphene
lattice  (inset  of Fig. 2(h)).  Noise-level  D  band  intensity  in  the
Raman spectra also proves the high quality of graphene films (Fig.
S15 in the ESM), implying the great advantages of clean graphene
in  numerous  applications,  especially  for  those  that  require  clean,
flat surface/interface, such as TEM imaging.

The inevitable transfer of graphene grown on metal is  another
process  that  would  introduce  contamination,  and  the  amount  of
polymer  residues  is  also  related  to  the  cleanness  of  CVD-grown
graphene  surface  [13–16].  In  this  regard,  white  light

interferometry (WLI) is sensitive to the surface topography, and is
capable  of  fast  evaluation  of  surface  topography  on  a  large  scale
[34].  To  get  a  clear  comparison  of  graphene  cleanness,  WLI  was
used  to  probe  the  surface  roughness  of  continuous  graphene
grown  on  a  region  composed  of  both  Cu(100)  and  Cu(111)
domains after the transfer onto atomically flat mica substrate (Fig.
S16  in  the  ESM).  The  surface  contamination  on  G-Cu(111)
displays  a  higher  height  than  the  surface  of  as-transferred
G-Cu(100),  confirming  the  reduction  of  polymer  residues  on
G-Cu(100) after the transfer.

The  reduced  surface  contamination  also  contributes  to  the
improved electrical properties of as-received clean graphene, such
as  the  electrical  conductivity  which  would  contribute  to  achieve
improved performance of graphene-based devices, such as organic
light-emitting  diodes  (OLEDs),  and  solar  cells  [11, 35].  The
as-received  clean  G-Cu(100)  exhibits  improved  electrical
conductivity  with  an  average  sheet  resistance  value  of  248.7  ±
43.7  Ω·sq−1,  which  is  much  lower  than  that  of  its  unclean
counterpart  (419.5  ±  94.6  Ω·sq−1)  (Fig. 3(a)).  Note  that  the  large-
scale evaluation of sheet resistance is conducted by a macroscopic
four-probe  method,  and  the  detected  region  for  measuring  the
conductivity  is  mm-sized  (inset  of Fig. 3(a) and Fig. 3(b)).  Clean
graphene films after transfer to quartz substrates also show a high
light  transmittance,  which  is  comparable  to  the  theoretical
simulation  results  [36]  (Fig. S17  in  the  ESM).  Meanwhile,  the
improved light transmittance of clean graphene is also verified by
contrast spectrum measurement (Fig. S18 in the ESM). Moreover,
graphene  was  transferred  onto  the  polymer  substrates,  and  was
employed  as  flexible  transparent  electrodes  for  monitoring  the
bioelectrical  signals,  including  electrooculogram  (EOG),
electrocardiogram (ECG) and electromyogram (EMG) (Fig. 3(c)).
Specifically,  when  the  volunteer  moved  his  eyes  right  and  left,
EOG  signals  were  measured  with  an  opposite  amplitude
(Fig. 3(d)). Graphene electrodes were placed onto the left and right
forearms  of  the  volunteer  to  monitor  ECG  signals  (Fig. 3(e)).
When the  volunteer  squeezed the  handgrip  at  a  different  degree,
EMG  signals  with  different  amplitudes  can  be  monitored
accordingly (Fig. 3(f)). These sensors allow the real-time detection
of  high-quality  bioelectrical  signals  with  a  broad  sensing  range,
low limit detection and high sensitivity.
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Figure 2    Mass production of clean graphene on Cu(100). (a) Schematic illustration of the production of Cu(100) substrate from the polycrystalline Cu foil, and the
subsequent  growth  of  graphene  domains  on  Cu(100)  on  large  scale.  (b)  Photograph  of  ten  pieces  of  large-area  graphene  films  grown  on  Cu(100)  substrates.  (c)
Representative XRD patterns collected in the as-received large-area Cu(100) films from vertical top (1) to bottom (9) as marked in (b). (d) Representative EBSD image
of as-received Cu(100) substrate. (e)–(g) SEM images of graphene grown on Cu(100) with the growth time of (e) 3, (f) 10 and (g) 15 min. (h) TEM image of clean
graphene grown on Cu(100). Inset: HRTEM image of clean graphene film. (i) Statistics of cleanness for clean graphene grown on the nine pieces of Cu(100) substrates.
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To  further  investigate  the  electrical  properties  of  the  clean
graphene, we carefully measured its carrier mobility, by fabricating
corresponding  Hall  bar  devices  of  as-transferred  graphene
encapsulated  by  hBN  [37].  The  carrier  mobility  of  the
encapsulated  clean  graphene  would  reach  71,000  cm2·V−1·s−1 at

room  temperature  (Fig. 4(a))  and  270,000  cm2·V−1·s−1 at  2.2  K
(Fig. 4(b)),  higher  than  the  previous  measurement  results  [38],
confirming the improved electrical performance. Furthermore, the
Shubnikov-de  Haas  (SdH)  oscillations  in  longitudinal  resistivity
(Rxx)  were observed at  2.2  K (Fig. 4(c)).  Besides,  low-temperature
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Figure 3    Electrical  properties  and electrophysiological  performance of  clean G-Cu(100).  (a)  Statistics  of  sheet  resistance of  G-Cu(100)  (red)  and unclean graphene
(blue). Inset: photograph of the facility for the large-scale measurement of sheet resistance by a macroscopic four-probe method. (b) Sheet resistance mapping of G-
Cu(100)  transferred  onto  SiO2/Si  substrate.  The  scale  bar  is  2  mm.  (c)  Schematic  illustration  of  the  function  of  graphene  electrodes  for  recording  the  bioelectrical
signals.  (d) Electrooculogram sensing around eyes with graphene electrodes to monitor the horizontal eye electricity. Inset:  photographs of eyes of volunteer moved
right and left. (e) Characteristic signals of electrocardiogram. Inset: photograph of the measuring electrodes placed onto the left and right forearms of the volunteer. (f)
The electrical activity of forearm when the volunteer squeezed the handgrip at different degrees. Inset: photograph of the measuring electrodes placed onto the forearm
of the volunteer.
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Figure 4    Transport  characteristics  of  clean  G-Cu(100).  (a)  Longitudinal  resistivity  of  G-Cu(100)  based  device  as  a  function  of  gate  bias  at  300  K.  Inset:  optical
microscopy image of the as-fabricated Hall bar device. (b) Longitudinal resistivity of G-Cu(100) as a function of gate bias at 2.2 K. (c) Longitudinal resistivity (black)
and Hall conductivity (red) as a function of magnetic field B. (d) Magnetoresistance (black) and Hall conductance (red) as a function of the Landau level filling factors
of the quantum Hall states at low magnetic field of 5 T and temperature of 2.2 K.
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magneto-transport  measurements  also  exhibit  a  well-developed
plateaus at quantized filling factors (ν), ±2, ±6, ±10, … (Fig. 4(d)).
All above observation confirms the improved electrical properties
of  clean  graphene,  highlighting  the  advantages  of  growing  clean
graphene in the applications of future electronics. 

3    Conclusion
In conclusion, we have demonstrated that Cu(100) substrate is the
suitable substrate to grow high-quality,  clean graphene films, and
that  the  slower  diffusion  of  CH  active  species  on  G-Cu(100)  is
responsible  for  the  suppressed  formation  of  amorphous  carbon.
For  the  mass  production  of  clean  graphene  films,  meter-sized
clean  graphene  films  were  successfully  synthesized  on  large-area
Cu(100)  substrates.  Besides,  the  high  cleanness  of  G-Cu(100)
maintains after the transfer, which ensures the improved electrical
performances  and  optical  properties.  Furthermore,  the  graphene
electrodes can be used in the application of biosensors to acquire
high-quality bioelectrical signals in real time. Our results provide a
new  insight  into  the  formation  mechanism  of  surface
contamination  on  graphene  and  pave  a  new  avenue  to  the
industrial production of high-quality and clean graphene films for
the  future  commercial  applications,  in  which  clean  graphene
surface is highly needed, such as TEM supporting membrane and
epitaxial growth substrates for LEDs. 
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