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The uniform growth of single-crystal graphene over wafer-scale areas remains a
challenge in the commercial-level manufacturability of various electronic, photonic,
mechanical, and other devices based on graphene. Here, we describe wafer-scale
growth of wrinkle-free single-crystal monolayer graphene on silicon wafer using a
hydrogen-terminated germanium buffer layer. The anisotropic twofold symmetry of
the germanium (110) surface allowed unidirectional alignment of multiple seeds,
which were merged to uniform single-crystal graphene with predefined orientation.
Furthermore, the weak interaction between graphene and underlying hydrogen-
terminated germanium surface enabled the facile etch-free dry transfer of graphene
and the recycling of the germanium substrate for continual graphene growth.

approach involves the catalytic and
epitaxial growth of graphene on a sin-
gle-crystal substrate. If initial multiple
nucleation of the graphene seeds occurs
but with perfect rotational alignment,
the unidirectionally aligned seeds can
grow and coalesce into a uniform sin-
gle-crystal layer without grain bounda-
ry defects, even if the nucleation
density is high (Fig. 1A and fig. S1)
(11). The epitaxial graphene growth has
been extensively investigated with var-
ious single-crystal substrates (7, 12—
14). However, wafer-scale single-
crystal monolayer graphene has not yet
been realized. Recent studies on the
nucleation of graphene on a weakly
interacting metal surface have demon-
strated that the interaction between the
metal surface and the graphene edge is
responsible for the orientation determi-
nation of graphene seeds at the early

stage of graphene growth (/5). These -

results indicate that uniaxial and re-
versible binding of the seed edge on the
catalytic surface is critical for the
growth of single-crystal graphene from
multiple nucleations.

If possible, a Si single-crystal wafer
is an ideal substrate for the epitaxial
graphene growth, because it is readily
available up to 450 mm in diameter.
However, the low carbon diffusivity on
Si surface and the relatively high car-
bon solubility hamper the direct growth
of high-quality monolayer graphene on

The availability of high-quality, large, single-crystal Si wafers is funda-
mental to current Si-based electronics. Given that the potential ad-
vantages of graphene as a host material for various devices have been
established, the primary requirement is cost-efficient, reliable, and high-
throughput synthesis of single-crystal monolayer graphene over wafer-
scale dimensions with methods compatible with current semiconductor
technology. In addition, single-crystal graphene with a predefined orien-
tation will allow various applications of graphene’s orientation-
dependent properties (/, 2). Various methods for synthesizing large-area
graphene monolayers have been reported, including the graphitization of
silicon carbide surfaces (3, 4) and catalytic chemical vapor deposition
(CVD) on metals (5—7). In particular, CVD has been used to synthesize
predominantly large-area monolayer graphene of excellent quality on
polycrystalline copper foils (5) that can easily be transferred to other
substrates. However, the large-scale synthetic graphene produced thus
far are typically polycrystalline, consisting of many single-crystalline
grains separated by defective grain boundaries that degrade their electri-
cal and mechanical properties (8, 9).

There are two possible approaches to catalytic growth of a single-
crystal graphene layer over a solid substrate surface. The first approach
involves growing a single grain to as large a size as possible from a sin-
gle nucleation site. The growth of a centimeter-size single-crystal gra-
phene domain from a single nucleus was recently demonstrated (10).
However, this approach may not be practical for reproducible and high-
throughput synthesis of wafer-scale single-crystal graphene. The second

Si (16). Instead of Si, we used a single-

crystal Ge surface for the growth of
single-crystal graphene, because of (i) its catalytic activity, which can
lower the energy barriers for the catalytic decomposition of carbon pre-
cursor and thus can induce formation of graphitic carbon on the surface
(17); (ii) the extremely low solubility of carbon in Ge even at its melting
temperature (<10* atoms/cm®) (18), enabling growth of complete mono-
layer graphene (79); (iii) the well-defined and anisotropic atomic ar-
rangement of single-crystal Ge surface, enabling aligned growth of
multiple seeds that can merge into single-crystal layer without producing
grain boundaries; (iv) the availability of a large-area single-crystal sur-
face via epitaxial Ge growth on Si wafers (20); and (v) the small differ-
ence in thermal expansion coefficients between Ge and graphene,
suppressing intrinsic wrinkle formation (21, 22).

For single-crystal graphene growth from the aligned seeds, we se-
lected a Ge(110) substrate having anisotropic twofold in-plane surface
symmetry. The graphene islands at the early stage of growth on H-
terminated Ge(110) surface were uniaxially aligned along the [ 1 10]
direction of the underlying Ge(110) surface (Fig. 1B) and then grown to
form uniform monolayer graphene on an entire growth substrate (Fig. 1C
and fig. S2). The single-crystal Ge layers were epitaxially grown on a
Si(110) wafer (fig. S3), then highly uniform monolayer graphene was
synthesized on the hydrogen-terminated Ge surfaces via a controlled
low-pressure CVD by flowing a CH,4 gas (1 to 2% diluted in H,) at 900°
to 930°C (/7). The chemisorption of H and C atoms on the Ge surface
can be reversible at high temperature, enabling the catalytic growth of
graphene on the H-terminated Ge surface (fig. S4). The highly symmet-
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ric C 1s core peak at a binding energy of 284.4 eV and the absence of
Ge-C related peaks in the XPS spectra of the as-grown graphene on Ge
surface imply that the carbon atoms in the graphene are fully sp*-
hybridized without a bonding interaction with the underlying Ge surface
(fig. S5).

A high-resolution transmission elecron microscopy (HR-TEM) im-
age of the graphene reveals that well-defined monolayer graphene was
formed without any noticeable structural defects (Fig. 1D). The overlaid
selected area electron diffraction (SAED) patterns acquired from four
different points separated from each other by ~2 um illustrate that all of
the points had the same crystallographic orientations, displaying a sin-
gle-crystalline lattice structure of the graphene (Fig. 1D, inset). The
cross-sectional TEM image in Fig. 1E also indicates that the as-grown
graphene is monolayered. The low-energy electron diffraction (LEED)
pattern of graphene grown on Ge(110) revealed six hexagonally ar-
ranged spots that correspond to single-crystal graphene (Fig. 2A). The
positions of the LEED spots of graphene and the underlying Ge surface
in Fig. 2A show that zigzag and armchair directions of graphene lattice
are parallel to [001] and [ 1 10] directions of the Ge(110) facet, respec-
tively (fig. S6). There were no satellite spots commonly observed for
graphene epitaxially grown on a metal surface (/2), suggesting the ab-
sence of interlayer bonding between graphene and the underlying Ge
surface. We also investigated graphene growth on isotropic Ge(111)
surface for comparative study. Growth on Ge(111) also produced mono-
layer graphene; however, the seed shapes are isotropic (fig. S7, A and
B). Furthermore, the LEED patterns (Fig. 2B) and TEM images (fig. S7)
of graphene grown on Ge(111) indicate that the obtained graphene is
polycrystalline with a weak domain orientation preference.

The Raman spectra of single-crystalline and polycrystalline gra-
phene grown on Ge(110) and Ge(111) demonstrate that both materials
are monolayer graphene (23); however, the integrated intensity ratio
between D and G peaks [/(D)/[(G)] of the single-crystal graphene
(<0.03) is substantially smaller than that of the polycrystalline graphene
(~0.4) (Fig. 2C), suggesting the absence of the extended grain boundary
defects in the single-crystal graphene on Ge(110) and its superior elec-
trical properties. To evaluate the electrical characteristics of the single-
crystalline and polycrystalline graphene, we fabricated back-gated gra-
phene field-effect transistors (GFETs) on SiO,/Si substrates by using
two different types of graphenes grown on Ge(110) and Ge(111) (fig.
S8) (11). Compared with the GFET based on Ge(111)-catalyzed poly-
crystalline graphene, the single-crystal graphene exhibits smaller sheet
resistances at the Dirac point with a narrower distribution (Fig. 2D). The
carrier mobilities extracted from the sheet resistance by using the simple
Drude model for single-crystal graphene were 7250 + 1390 cm*/V-s
(SD) with a maximum value of 10,620 cm*V's (Fig. 2E), which are
comparable to the values of previously reported metal-catalyzed single-
domain graphene on Si/SiO, substrates (/0, 24). The carrier mobility of
the Ge-catalyzed polycrystalline graphene (2570 + 460 cm®/V-s) de-
creased because of grain boundary scattering. Considering that typical
nucleation density of Ge-catalyzed graphene (~10 per pm?) is considera-
bly higher than the densities reported for metal-catalyzed graphene (<0.1
per um?), the mobilities from the graphene grown on Ge(111) are still
reasonably high, which suggests good intergrain connectivity in the pol-
ycrystalline graphene (8). Both prebake of the CVD chamber under H,
flow and excessive H, flow during the growth were necessary to prepare
the single-crystal graphene without a substantial number of defects, indi-
cating that even a trace amount of oxygen in the CVD chamber can af-
fect the graphene growth results (fig. S9) (11).

These results demonstrate that the H-terminated Ge(110) surface is
an ideal substrate for the catalytic growth of single-crystal graphene. The
asymmetric twofold geometry of the Ge(110) surface and the anisotropic
nature of the Ge-C covalent bonds dictate the perfect alignment of the
edges of graphene seeds at the early stage of growth (fig. S10), and such

an orientation can be retained during further growth of the seeds to con-
tinuous single-crystal graphene layer because of the high barrier of gra-
phene island rotation. When the edges of two adjacent graphene islands
with same orientation approach each other before merging, atomic posi-
tions of the edges may not be well matched in our growth process. If the
islands are tightly bound on the substrate surface and thus the offset is
not removed during coalesce of the islands, the positional displacement
between the adjacent islands may form a nontilt grain boundary or ex-
tended line defect in spite of high formation energy of the extended de-
fects in covalently bonded graphene (25). However, considering the
pseudo—free-standing nature of the graphene islands on H-terminated Ge
surface, the spontaneous formation of the extended grain-boundary de-
fect during the growth of graphene on H-terminated Ge surface is highly
unlikely. Figure 3 and fig. S2 show scanning electron microscopy (SEM)
and TEM images of a typical edge front, at which adjacent graphene
islands are coalescing. In the reconstructed {1100} planes of the edge
front (Fig. 3D), no discontinuous line was observed, indicating that adja-
cent islands are coalescing without grain boundary defects.

In addition to single crystallinity of graphene, wrinkle-free growth
has been considered another challenge in graphene growth because the
wrinkles cause scattering in the device characteristics and lead to inferior
electrical properties (26). Wrinkles are known to be formed through
thermal expansion mismatch because the underlying substrate contracts
more than the graphene during postgrowth cooling, resulting in interlay-
er mechanical strain. However, as-grown graphene on a Ge substrate
exhibited no wrinkles (fig. S11). We infer that the free-standing nature
of graphene on the H-terminated surface and the relatively small differ-
ence in thermal expansion coefficient between the materials enabled the
formation of flat graphene without wrinkles.

The extremely weak adhesion between graphene and the underlying
substrate also allowed facile mechanical exfoliation of the graphene
layer with few defects, regenerating the H-terminated Ge surface for
further continual growth (figs. S12 and S13). Gold-coated graphene was
casily exfoliated from the Ge surface, which shows that the binding en-
ergy between the graphene and the underlying Ge surface (yg.g.) must be
much less than 60 meV (yau.g = 60 meV) (27). The merit of the mechan-
ical exfoliation of monolayer graphene is apparent because catalytic
single-crystal substrates are expensive to dispose and their chemical
etchants are environmentally hazardous. Given research results that
demonstrate the undesirable doping effect and physical damage on gra-
phene caused by a wet transfer process, direct dry transfer without sub-
strate etching appears even more favorable (28, 29). Figure 4A shows an
optical image of the graphene that was mechanically exfoliated and
transferred on the SiO,/Si substrate with 300-nm thermal oxide, indicat-
ing that the transferred graphene was a monolayer and wrinkle-free over
the entire area. In addition, the Ge-catalyzed graphene exhibits transmit-
tance of 97.64% at 550 nm (fig. S14), which agrees well with the ideal
transmittance for monolayer graphene (30). Water contact angles of H-
terminated Ge surface and Ge surface exposed after graphene delamina-
tion were almost identical (Fig. 4B and fig. S12), demonstrating the
underlying Ge surface after graphene growth is hydrogen terminated.
We repeated the growth and etch-free dry transfer five times with the
same H-terminated Ge/Si substrate, and the transferred graphene was
evaluated by using Raman spectra (Fig. 4C). The Raman spectra of each
of the graphene are almost identical, demonstrating that the single-
crystal Ge substrate can be reused multiple times for graphene growth
without degradation. Thus, the repeated, orientation-controlled synthesis
of single-crystal monolayer graphene on the entire surface of a Si wafer
using an H-terminated Ge buffer layer, in combination with complemen-
tary metal-oxide semiconductor—compatible etch-free transfer processes,
may open up commercial realization of various functional devices based
on single-crystal graphene.
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Fig. 1. Single-crystal monolayer graphene grown on a hydrogen-terminated Ge(110) surface. (A) A schematic illustration
of catalytic growth of single-crystal monolayer graphene from unidirectionally aligned multiple seeds. (B) A typical SEM image
of graphene seeds at the early stage of growth. (C) A photograph of graphene grown on a 5.08-cm Ge/Si (110) wafer. (D) A
HR-TEM image of the single-crystal monolayer graphene. (Inset) Four overlaid SAED patterns, which were measured across
the four different points. The distance between each point is ~2 ym. (E) A cross-sectional TEM image demonstrating that the
as-grown graphene is monolayer. (Inset) A schematic illustration of the monolayer graphene grown on the H-terminated Ge
surface.
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Fig. 2. Comparison of single-crystalline and polycrystalline graphene grown on H-terminated Ge(110)
and Ge(111) surfaces. (A) LEED patterns of single-crystal graphene grown on a H-Ge(110) substrate at 60
and 120 eV. The diameter of the electron beam was ~1 mm. (B) LEED patterns of polycrystalline graphene
grown on a H-Ge(111) substrate at 60 and 120 eV. Gray circles in (A) and (B) denote the diffraction spots
resulting from the Ge(110) and the Ge(111) substrate, respectively. (C) Raman spectra of single-crystal and
polycrystalline graphene grown on H-Ge(110) and H-Ge(111) surfaces under same growth conditions. a.u,
arbitrary units. (D) The distribution of sheet resistance (Rsh) at the Dirac point. (E) The carrier mobility (u)
near the Dirac point (n = 3 x 10" per cm?).

Fig. 3. A graphene edge where adjacent graphene islands are merging. (A) A SEM image of incompletely grown graphene
on Ge(110). Arrows point out edge fronts at which adjacent islands are merging. (B and C) Bright-field TEM images of an edge
front similar to the white arrows in (A). (C inset) A fast Fourier transform diffractogram taken from the region indicated by the
dashed square in (B) and (C). (D) Three {1100} planes reconstructed from the three sets of diffraction spots in the (C) inset,
showing no sign of grain boundary defects in the merged area.
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Fig. 4. Etch-free dry transfer and repeated growth of single-crystal graphene on the same Ge/Si wafer. (A) An optical
image of graphene transferred onto a SiO,/Si substrate with 300-nm thermal oxide. (Inset) A photograph of the 5.08-cm
graphene transferred onto a 10.16-cm SiO2/Si wafer. (B) Water droplet contact angle measurement on the H-terminated Ge
surface exposed after mechanical peeling of the as-grown graphene. (Inset) A photograph of water droplet on the regenerated
H-Ge surface. (C) Raman spectra of five different graphene layers grown by using the same Ge(110) substrates.
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