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a  b  s  t  r  a  c  t

Wafer-scale  single-crystal  graphene  with high  carrier  mobility  is essential  as  a  promising  channel  mate-
rial for  the  next-generation  two-dimensional  nanoelectronics.  However,  direct  synthesis  of wafer-scale
single-crystal  graphene  on  complementary  metal  oxide  semiconductor  (CMOS)  compatible  substrates
still remains  a challenge.  Herein,  we  demonstrate  that  single-crystal  graphene  film  with  high  mobil-
ity  can  be  synthesized  on  the  15◦ miscut  Ge(001)  surface  by perfectly  aligning  all  the  graphene  islands
and  this  feat  has never  been  achieved  on the  normal  Ge(001)  surface.  Both  experimental  observations
and  theoretical  calculations  suggest  unidirectional  alignment  of  the  graphene  islands  on  the  15◦ miscut
Ge(001)  surface  is  caused  by  suppression  of  graphene  nucleation  along  the  miscut  direction  of  the  vicinal
ingle-crystal
iscut angle

Hz-TDS

surface.  Ex  situ  atomic  force  microscopy  (AFM)  verifies  that  no  additional  graphene  island  nucleates  after
the  initial  nucleation  process  and  wafer-scale  single-crystal  graphene  is  formed  by the  seamless  stitching
of  the  preferentially  oriented  graphene  islands.  The  obtained  wafer-scale  single-crystal  graphene  pos-
sesses  an  ultrahigh  carrier mobility,  opening  an  avenue  toward  scalable  fabrication  of two-dimensional
nanoelectronic  devices  based  on single-crystal  graphene  without  grain  boundaries.

© 2020  Elsevier  Ltd.  All  rights  reserved.
ntroduction

Graphene, a perfect two-dimensional carbon material, has
ttracted global interest due to its exceptional chemical stability,
uperior mechanical stability, and extremely high carrier mobil-
ty. In particular, wafer-scale single-crystal graphene with high
obility is crucial for massive production of graphene based nano-
lectronic devices and circuits. However, grain boundaries (GBs)
re usually formed inevitably in graphene during the chemical
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vapor deposition (CVD) process [1–8]. Some progress has been
made regarding the growth of single-crystal graphene films on
metal catalysts such as Cu [9–17] and Cu-Ni alloy [18–22], but the
mainstream integrated circuit (IC) technology requires metal-free
single-crystal graphene on CMOS compatible substrate. In recent
years, semiconducting Ge wafer has been successfully utilized as
a proper substrate for the epitaxial growth of graphene due to
its catalytic activity and low solubility of carbon [23]. Integration
of graphene with Ge substrates by the epitaxial growth approach
may  address the scarcity issue of IC-compatible graphene wafers
and promote the development of graphene-based nanoelectronic
devices and circuits.

Wafer-scale single-crystal graphene film was firstly synthesized

on 2-inch Ge substrate with the unusual (110) orientation by Lee
et al. [24]. Our previous study further discovered that the formation
of well-aligned graphene islands, which are seamlessly stitched
to form a single-crystal graphene film, was caused by the lat-
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 P. Li, W.  Wei, M. Zhang et a

ice matching between the graphene islands and natural atomic
teps on the Ge(110) surface [25]. However, the mainstream CMOS
echnology is mainly based on Si wafers with the usual (001) orien-
ation. Considering the conventional Ge epilayer on Si substrate, the
e(001) substrate is more compatible with the standard Si-based
MOS process compared to Ge(110). The pioneer study on graphene
rown on Ge(001) found that graphene nanoribbons (GNRs) with a
igh aspect ratio and preferential orientation were always formed
long the two perpendicular Ge<110> directions [26,27]. GNRs with
n equivalent population in the orthogonal orientations lead to the
ormation of numerous GBs when GNRs expand to merge into a
ontinuous wafer-scale film, which will degrade the performance
f graphene-based nanoelectronic devices and circuits. Recently,
uch efforts, including H2/CH4 flow ratio optimization [28] and

icinal Ge(001) substrate [29,30], have been made to improve the
rystal quality of graphene on Ge(001) wafers. However, the for-
ation of GBs could not be fully suppressed by optimizing H2/CH4

ow ratio. Meanwhile, the miscut angle of vicinal Ge(001) substrate
as found to affect the orientations of GNRs, however the expected
ell-aligned GNRs together with the consequent seamless stitching

o form a single-crystal graphene wafer has not been demonstrated
ue to the limited variation of miscut angle of vicinal Ge(001) wafer.

Herein, using vicinal Ge(001) substrate with a miscut angle
f 10◦ or above, unidirectional alignment of graphene islands is
chieved and the wafer-scale single-crystal graphene realized by
he seamless stitching of well aligned graphene islands is demon-
trated on the 15◦ miscut Ge(001) surface. Both experimental
ata and theoretical calculations show that the nucleation orien-
ation selectivity of graphene islands closely correlates with the

iscut angle of the vicinal Ge(001) surface. Complete suppres-
ion of GNR nucleation along the miscut direction is observed
rom the vicinal Ge(001) surface with a miscut angle of 15◦, while
ligned graphene islands perpendicular to the miscut direction are
aintained. Furthermore, the designed ex situ AFM indicates no

dditional graphene islands nucleate after the initial nucleation
rocess, and the wafer-scale single-crystal graphene is formed by
he merging of aligned graphene islands after the island expansion.
he obtained single-crystal graphene wafer possesses an ultra-
igh carrier mobility comparable to that of exfoliated graphene, as
vident by terahertz time-domain spectroscopy (THz-TDS), which
onstitutes a significant advance toward the manufacturing of
raphene-based nanoelectronic devices and circuits.

aterial and methods

raphene growth

The vicinal Ge(001) substrates with various miscut angles
oward [111] direction were loaded into a horizontal quartz tube.
he quartz tube was evacuated to about 10−6 bar, and then refilled
ith argon (Ar, 99.9999 % purity) and hydrogen (H2, 99.9999 %
urity) to reach atmospheric pressure. The chamber was  heated
o 916 ◦C with Ar and H2 for 1 h and then methane (CH4, 99.99

 purity) was introduced to initiate graphene growth. Afterwards,
he flow of CH4 was shut off and the furnace was cooled down to
oom temperature under the protection of Ar and H2 mixture. It
hould be noted that the growth of graphene on Ge substrate is
elf-limited and monolayer graphene is always formed due to the
ltralow solubility of carbon in Ge [23,24].

raphene transfer
To transfer the graphene film from the Ge substrate to a target
ubstrate for Raman and High Resolution-Transmission Electron
icroscope (HR-TEM) measurement, poly(methyl methacrylate)

PMMA) was spin-coated onto the graphene/Ge substrate and
o Today 34 (2020) 100908

baked at 150 ◦C for 10 min. After the removal of Ge substrate
by the etchant consisting of 1:1:20 H2O2:HF:H2O, a free-standing
PMMA/graphene film was  obtained, which was  further transferred
to the target substrate. As PMMA  film was removed with acetone,
the graphene film was  transferred onto the target substrate finally.

DFT calculations

All calculations were performed within the framework of Den-
sity Functional Theory (DFT), implemented in the Vienna Ab
initio Simulation Package (VASP) [31]. The Generalized Gradient
Approximation (GGA) [32] with the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation function was used with the plane-wave cut-
off energy set at 400 eV for all calculations. The vdW correction
proposed by Grimme  (DFT-D2) was used to describe the long-range
vdW interactions between graphene and the Ge(001) substrate
[33–35]. The vacuum space was set to be at least 15 Å to elimi-
nate the interaction between the neighboring layers. The vicinal
Ge(001) substrate was modeled by a periodic slab consisting of at
least five atomic layers and the bottom two layers were fixed to
mimic  the bulk. A supercell size of 42.6 × 8.52 × 30 Å3 was used
to mimic  the vicinal Ge(001) surface structures, and the Brillouin
zone was sampled by Gamma  point. In order to make the lattice
size to be calculable, the substrate was stretched slightly (6.4 %) to
match the lattice of graphene. The surface Ge atoms except those
passivated by graphene edge were passivated by H atoms, as evi-
dent by the experimental observation [24,36]. The geometries of
the structures were relaxed until the force on each atom was less
than 0.01 eV/Å, and the energy convergence criteria of 1 × 10−5 eV
was reached.

Characterization

The miscut angles of Ge substrates (175 �m,  AXT) were deter-
mined using X-ray diffraction (XRD, Philips X’pert) by measuring
the maximum angle between the (004) plane and the specular
direction [29], as listed in Table S1. The surface morphology of
graphene was  examined by AFM (Bruker Multimode 8) in the lat-
eral force mode using SNL-10 AFM tips. Raman spectra (Jobin Yvon
HR800) were collected to determine the thickness, uniformity, and
quality of graphene films using Ar+ laser with a wavelength of 514
nm and a spot size of 1 �m.  The microstructure and crystallinity
of the graphene film were characterized by HR-TEM (JEOL JEM-
ARM300 F) at 80 kV.

Ex situ experiments

The graphene sheets mechanically exfoliated from highly ori-
ented pyrolytic graphite (HOPG) crystals with Scotch tape were
intentionally utilized as markers to enable ex situ observations.
Prior to the growth of graphene, the graphene sheet markers were
transferred to the target Ge substrates and annealed under 23 sccm
H2 and 220 sccm Ar at 916 ◦C for 1 h to remove the possible contam-
ination and strengthen the adhesion between the graphene sheet
markers and Ge surface. Then, graphene sheet marker mounted
Ge substrate was  transferred into a horizontal quartz tube for
the growth of graphene. For ex situ observations to monitor the
graphene growth behavior, the whole process was intentionally
divided into several intervals, and the sequential AFM tests focus-
ing on the identical region adjacent to graphene sheet marker were
accomplished after every interval.
Results and discussion

The miscut angle � is defined as the angle between the (001)
crystal plane and the vicinal surface, which is cut toward the
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ig. 1. (a) Schematic diagram of the vicinal Ge(001) surface with a miscut angle of �
lane  and vicinal (001) surface, respectively. (b-i) AFM friction images of the graphe
e(001)  surfaces. (j) Population of graphene islands with different orientations vers

111] direction of (001) oriented Ge substrate, as shown in Fig. 1a.
ig. 1b–i presents the AFM friction images of the GNRs grown on
he vicinal Ge(001) substrates with miscut angles varying between
◦ and 15◦. Consistent with the previous reports [26,27,29,30], the
NRs grown on the Ge(001) surface with 0◦ miscut angle (Fig. 1b)
ave two dominant orientations, which are parallel or perpen-
icular to Ge[110] direction (dashed black arrow in Fig. 1a). Both
ominant orientations have the equal probability and all GNRs have
igh aspect ratios and smooth edges. Besides, there is no significant
ifference in the shape and dimensions of the GNRs grown along
he Ge[110] and Ge[1 10] directions. However, the growth behavior
f GNRs on the vicinal Ge(001) substrate changes gradually as the
iscut angle increases. With the increment of miscut angle, nucle-

tion of GNRs along the miscut orientation is suppressed gradually,
hich finally leads to exclusive population of GNRs perpendicular

o the miscut direction (solid black arrow in Fig. 1a). For instance,
he percentages of GNRs perpendicular to the miscut orientation on
he 2◦, 4◦, 6◦, and 8◦ miscut Ge(001) surfaces are 55 %, 65 %, 69 %, and
1 %, respectively (Fig. 1j). In particular, when the miscut angle of
he vicinal Ge(001) substrate is 10◦ or above, only graphene islands
erpendicular to the miscut direction are formed. As the miscut
ngle increases from 0◦ to 15◦, the nucleation behavior of GNRs
hanges from two orthogonal directions to single identical direc-
ion. GNRs with two orthogonal directions can further develop and

erge into a monolayer polycrystalline graphene wafer consisting
f numerous GBs, while well-aligned GNRs are able to evolve into

 monolayer single-crystal graphene wafer without GBs [24,25], as
ompared in Fig. S1.

To understand the influence of the miscut angle on the align-
ent of GNRs and study the growth mechanism of GNRs on the
icinal Ge(001) surface, density-functional theory (DFT) calcula-
ions are performed. For Ge surface cut along (001) crystal plane,
ach surface Ge atom has two dangling bonds which are able to bind
ith the dangling bonds of the neighboring Ge atoms and form a
e toward Ge[111] direction. Green plane and blue plane represent the (001) crystal
nds nucleated on (b) 0◦ , (c) 2◦ , (d) 4◦ , (e) 6◦ , (f) 8◦ , (g) 10◦ ,  (h) 12◦ , and (i) 15◦ miscut
scut angle of the vicinal Ge(001) surface. The scale bars in (b-i) are 400 nm.

Ge-Ge dimer. Here, the direction along the Ge-Ge dimer is defined
as a dimer direction, and the perpendicular direction is defined as
a dimer row direction. As shown in Fig. 2a, there are four different
binding sites for GNRs on the reconstructed vicinal Ge(001) surface
based on the binding direction and position. Step-I and Terrace-I
represent binding sites along the dimer direction with binding posi-
tions at step and terrace, respectively. And, Step-II and Terrace-II
are along the dimer row direction with binding sites at step and ter-
race, respectively. Given that the main edge of GNR on Ge surface is
armchair [26], only armchair edged GNRs, rather than zigzag edged
GNRs, are considered in our calculations. The formation energy of
GNR binding at different sites, Ef(GNR), is defined as follows:

Ef(GNR) =EGe-GNR − EGNR − EGe + Ef(AC) (1)

where EGe-GNR is the energy of the combined system, EGe is the
energy of the Ge substrate, EGNR is the energy of the GNR, and
Ef(AC) is the formation energy of the armchair edge in vacuum.
DFT calculations show that graphene edges binding at Step-I and
Terrace-I possess the formation energies of about 0.1 eV/Å, which
is lower than that at Step-II and Terrace-II (Fig. 2b). Therefore,
due to the lower formation energy, graphene islands are favor-
able to bind at the Step-I or Terrace-I sites, rather than Step-II and
Terrace-II. The improved stability of graphene islands nucleated at
Step-I or Terrace-I sites can be understood by the strong binding
between C atoms at the graphene armchair edge and surface Ge
atoms, as schematically drawn in Fig. 2c. When the armchair edge
of graphene interacts with Ge atoms along the dimer direction, two
dangling bonds of the sp2 hybrid C atom at the graphene edge can
be well passivated by both dangling bonds of the surface Ge atoms,
leading to a strong GNR-Ge binding configuration formed between

the graphene armchair edge and Ge substrate (Step-I or Terrace-I).
However, when the armchair edge of graphene interacts with the
Ge atoms along the dimer row direction, two dangling bonds of
the C atoms at the graphene edge are passivated by only one dan-
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Fig. 2. (a) Schematic atomic structures of the steps and terraces on the vicinal Ge(001) surface. (b) Formation energies of graphene armchair edges binding at the Ge steps
a  graph
g ) 2◦ , (
d

g
b
T
T
fi
(
d
d
m
s
a

s
u
s
S
f
G
t

nd  terraces shown in (a). (c) Schematic drawing of the bonds formed between the
rowth of GNRs (red atoms) on the vicinal Ge(001) surface with miscut angles of (d
istinguished by different blue atoms.

ling bond of the surface Ge atoms, thus resulting in a weak binding
etween the graphene armchair edge and Ge substrate (Step-II or
errace-II). Meanwhile, the preferred nucleations of GNRs at the
errace-I and Step-I sites with the formation GNR-Ge bonding con-
gurations are also suggested by the calculated phase diagram
Fig. S2). Such an anisotropic surface structure leads to different
iffusion behavior of carbon precursor for graphene growth. The
iffusion of carbon precursor along the dimer direction is always
uch faster than that along the dimer row orientation due to the

horter distance between the dangling bonds at the neighboring Ge
toms.

It is well known that the surface structure of the vicinal Ge(001)
urface highly depends on the miscut angle, and larger miscut angle
sually results in narrower terraces with higher density, which
hare the same reconstruction orientation of Ge surface atoms (Fig.

3). Fig. 2d–f shows the growth of GNRs on the vicinal Ge(001) sur-
ace with miscut angles of 2◦, 6◦, and 15◦, respectively. The vicinal
e(001) surface with 2◦ miscut angle is mainly composed of wide

errace structures with alternative reconstruction orientations of
ene armchair edge and Ge steps or terraces. Reconstructed surface structures, and
e) 6◦ and (f) 15◦ , respectively. Different terraces on the vicinal Ge(001) surface are

Ge surface atoms (Fig. S3a). GNRs grown on this surface have two
dominant orientations with similar populations due to the equiv-
alent formation energies of GNRs at Terrace-I/Step-I on the upper
terrace and Terrace-I on the lower terrace, and the sufficient carbon
precursors diffuse along the dimer direction, as displayed in Fig. 2d.
With the increment of miscut angles, the terraces become narrower
and more steps appear (Fig. S3b). Due to the reduced width of the
terrace, nucleation of GNRs with the orientation parallel to the mis-
cut direction is restricted, because the carbon precursors required
for the nucleation is highly reduced due to the limited diffusion
space along the miscut orientation (the fast diffusion orientation of
carbon precursor). Therefore, the population of GNRs with the ori-
entation parallel to the miscut direction shrinks correspondingly
(Fig. 2e). In particular, when the miscut angle is further increased
to 15◦, the terraces between steps become extremely narrow and

the vicinal surface is dominated by dense terraces with the similar
Ge reconstruction orientation (Fig. S3c). Therefore, the nucleations
of GNRs along the miscut direction are completely suppressed,
whereas the formation of GNRs perpendicular to the miscut direc-
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ig. 3. (a) Ex situ AFM observations showing the evolution of graphene islands on th
in,  respectively. (b) Schematic representations illustrating the growth process of s

n  (a) are 400 nm.

ion will not be affected, which yields the unidirectional alignment
f GNRs grown on the vicinal Ge(001) surface with the 15◦ miscut
ngle (Fig. 2f).

To monitor the consecutive growth of graphene and in particu-
ar the seamless stitching of the unidirectional graphene islands on
he 15◦ miscut Ge(001) surface, ex situ observations are ingeniously
esigned using the mechanically exfoliated graphene sheets as
arkers. Using the graphene sheet mounted on the Ge substrate as

 position marker (Fig. S4), the sequential AFM tests are able to focus
n the identical region adjacent to the marker to monitor the mor-
hology evolution of the graphene islands after multiple growth
rocesses. Fig. 3a displays a sequence of AFM friction images of the
raphene islands at different growth stages. For a growth time of
0 min, the graphene islands are observed to nucleate at the atomic
teps with the unidirectional orientation. All graphene islands have

 semicircular shape and the average aspect ratio is about 2.54. As
he growth time extends to 120 min, the sizes of graphene islands

urther increase, as evident by the expansion of dotted contour
ines of graphene islands. The adjacent graphene islands start to
oalesce at 180 min  and merge at 240 min. As the growth time
s extended to 600 min, a continuous graphene film is formed on
miscut Ge(001) surface after 60 min, 120 min, 180 min, 240 min, 300 min, and 600
crystal monolayer graphene film on the 15◦ miscut Ge(001) surface. The scale bars

the 15◦ miscut Ge(001) surface. Under the proper growth condi-
tions, no additional graphene nucleation is observed and all the
initiative graphene islands are maintained with the alignment per-
pendicular to the miscut direction. The graphene islands with the
unidirectional alignment merge seamlessly to form a continuous
single-crystal monolayer graphene film without any GBs on the
15◦ miscut Ge(001) surface, as schematically drawn in Fig. 3b. The
observation is different from the graphene film grown directly on
the Ge(001) surface without a miscut angle, on which GNRs with
two growth orientations lead to the formation of polycrystalline
graphene consisting of numerous GBs (Figs. S1 and S5).

HR-TEM and SAED are conducted to confirm the crystalline qual-
ity of the CVD grown graphene film on the 15◦ miscut Ge(001)
substrate. Fig. 4a shows the SEM image of the large-area graphene
film (>3 mm)  transferred to a TEM grid and Fig. 4b shows the
atomic-resolution TEM image of the transferred graphene, which
clearly reveals the perfect honeycomb lattice of graphene without

any defects and vacancies. The band intensity ratio (zone labeled
by blue rectangle in Fig. 4d) of ∼1:2 suggests the formation of
single-layer graphene (Fig. 4c), which is verified by Raman and AFM
measurements (Fig. S6). Nine SAED patterns are obtained from nine
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ig. 4. (a) SEM image of a continuous graphene film transferred onto a TEM grid wit
he  scale bar is 1 mm.  (b) HR-TEM image of the single-crystal monolayer graphene
he  diffraction spots in the blue rectangle in (d). (d-l) SAED patterns acquired from 

ifferent regions distributed across the large-area graphene film,
s shown in Fig. 4d–l. Each SAED pattern shows a uniform six-fold
ymmetry with a perfect coincidence (35.5◦ ± 0.5◦), demonstrating
he single-crystal nature of the monolayer graphene film.

In addition to the crystalline quality characterization, THz-TDS
s performed to determine the carrier mobility across the graphene
n the intrinsic 4-inch 15◦ miscut Ge(001) wafer. THz-TDS is a non-
ontact and nondestructive approach for rapid determining the
arrier mobility of low dimensional materials [37–39], especially
pplicable to the graphene directly grown on semiconducting sub-
trate [40]. Fig. 5a shows the transmitted THz transient from the
raphene/15◦ miscut Ge(001) as well as a comparison with that
rom the 15◦ miscut Ge(001) reference. The THz beam is sensitive
o free carriers in the graphene film and the sheet conductance of
raphene, �̃s (f), can be extracted using the following frequency-
ependent transmission function [37]:

Tgraphene(f)=
∼Egraphene(f)

∼Esub(f)
=

1+∼nsub

1+∼nsub + Z0∼�s(f)
=

1

1+ Z0∼�s(f)
1+∼nsub

(2)

here Ẽgraphene(f) and Ẽsub(f) are the Fast Fourier Transforms (FFT)
f the THz waveforms transmitted through the graphene/15◦ mis-
ut Ge(001) and 15◦ miscut Ge(001) reference, respectively. The
onstant ñsub= 4.1 denotes the THz refractive index of the 15◦

iscut Ge(001) substrate and Z0 = 377  ̋ is the impedance of free

pace. To determine the mobility of the graphene film, it is neces-
ary to apply a time domain window to the raw transmitted THz
ignals to avoid the disturbances of noise (Fig. S7) and use the DC-
onductance (�DC) and carrier scattering rate (�sc) to fit the Drude
reas marked d-l indicating the regions where multiple SAED patterns are obtained.
showing a defect-free honeycomb lattice (Scale bar =1 nm). (c) Intensity profile of
egions indicated in (a).

model to the real part of the resulting frequency dependent com-
plex conductance of graphene (Fig. 5b). The Drude model is given
by

∼�s (ω) =
�DC

1-i˝�sc
(3)

where the angular frequency ω= 2�f . The drift mobility (�drift) of
graphene can be calculated by the following relationship [37]:

Ns =
��2

e4vF
2

(
�DC

�sc

)2
(4)

�drift =
�DC

eNs
=

e3vF
2

��2

�sc
2

�DC
(5)

where Ns and vF are the carrier density of graphene and Fermi veloc-
ity with a constant value of 106 m/s, respectively. By fitting the
Drude model to the conductance spectra across the graphene wafer
with 1 mm step size, �DC and �drift can be mapped, as shown in Figs.
S8 and 5 c, respectively. The entire graphene wafer displays a rela-
tively homogenous carrier mobility and over 70 % of the area shows
a value larger than 2 × 104 cm2V−1s−1. Fig. 5d shows the histograms
of the measured drift mobility that exhibits a Gaussian distri-
bution with an average value of ∼4.37 × 104 cm2V−1s−1, which
may  degrade with the decrease of miscut angle of vicinal Ge(001)
substrate (Fig. S9). Considering that THz-TDS is a nondestructive

approach for mobility characterization and no transfer process is
required, the carrier mobility of the single-crystal graphene grown
on 15◦ miscut Ge(001) substrate is comparable to that of other
single-crystal graphene films grown on metal substrates (Table S2).
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Fig. 5. (a) Waveform of THz transients after transmission through the 15◦ miscut Ge(001) substrates with and without graphene coverage. (b) DC-conductance spectrum
of  graphene grown on the 15◦ miscut Ge(001) surface extracted from (a) with a fitting to Drude model. (c) THz wafer-scale mobility mapping of the graphene film on the
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5◦ miscut Ge(001) wafer (Entire 4-inch graphene wafer raster-mapped with a 1 m
rom  (c).

onclusions

In conclusion, the alignment of graphene islands closely cor-
elates to the miscut angle of the vicinal Ge(001) substrate, and
afer-scale single-crystal monolayer graphene film can be syn-

hesized by the seamless stitching of aligned graphene islands
n the vicinal Ge(001) substrate with the miscut angle of 15◦.
heoretical calculations together with ex situ AFM observations
eveal that the unidirectional alignment of graphene islands on
he vicinal Ge(001) surface with large miscut angle is attributed
o the suppression of graphene nucleation parallel to the miscut
irection, and all aligned graphene islands are perpendicular to
he miscut direction. Our study provides a practical approach to

anipulate the alignment of graphene islands on vicinal Ge(001)
ubstrate, which is also expected to be applied to other 2D material
ystem including hBN. It may  pave the way for commercial produc-
ion of wafer-scale single-crystal 2D materials and accelerate their
pplication into nanoelectronic devices and circuits in the near
uture.
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