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Using angle-resolved photoemission spectroscopy, we studied the electronic structure of graphene
grown on a Ge (110) wafer, where a single-crystal single-layer graphene was recently grown using
chemical vapor deposition. The growth mechanism of the single-layer single-crystal graphene was
related to the hydrogen termination of the Ge (110) surface. To further understand the growth
mechanism, we measured the electronic structure of the graphene-covered Ge (110) wafer in a vacuum as a function of the increasing temperature, which led to a deintercalation of the hydrogen
atoms. Furthermore, we measured the electronic structure after the reintercalation of the hydrogen
atoms between the Ge substrate and graphene. These ﬁndings show that hydrogen is intercalated between the Ge substrate and graphene after the growth of graphene using chemical vapor
deposition.
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I. INTRODUCTION
Two-dimensional (2D) materials such as graphene,
transition-metal dichalcogenides, and black phosphorene
exhibit very promising physical properties for applications in electronic devices. The development of various methods to achieve a high-quality large-scale fabrication of these materials has been of key importance
[1–8]. For graphene, some of the fabrication methods
are based on mechanical exfoliation of graphite. Highquality graphene has been deposited on metal foils using
the chemical vapor deposition (CVD) method [1,2,9] and
fabricated on crystal surfaces such as 6H-SiC (0001), Ru
(0001), and Ir (111) using epitaxial growth [10–14]. The
CVD fabricated graphene on metal foils can be employed
for the development of electronic devices; this fabrication
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method has various advantages including simple transfer,
low growth temperature, and low cost [1,9]. Although the
CVD-grown graphene on metal foils is polycrystalline, its
quality has been improved by the reduction of the density of graphene seeds on metal foils [1,3,15,16]. Various
transfer methods have been reported including the wet
transfer (e.g., chemical etching), dry transfer (using thermal release tapes or metal ﬁlms), and bubbling transfer
schemes [1,17–19].
After the fabrication of single-crystal graphene on a
hydrogen-terminated Ge-(110)-surface using CVD, the
paradigm of CVD-grown graphene changed [4]. Instead
of the reduction of the seed density, unidirectionally
aligned graphene seeds originating from an anisotropic
substrate and graphene stitching without zero-angle
grain boundaries provided a new paradigm of singlecrystal graphene growth. In addition, dry-transfer of
graphene single-crystals grown on Ge substrates is attainable owing to the weak chemical interactions between
graphene and hydrogen-terminated Ge substrate. Dur-656-
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ing the CVD growth, hydrogen was reported to restrict
the etching processes owing to the oxygen impurities.
The step-edge structures of the hydrogen-terminated Ge
substrate were suggested to contribute to the formation
of graphene single crystals [20, 21]. However, the research ﬁndings on the existence of hydrogen atoms in
the graphene-covered Ge substrate are insuﬃcient and
inconclusive [4,22,23].
In this study, using angle-resolved photoemission spectroscopy (ARPES) and low-energy electron diﬀraction
(LEED), we provide an evidence that supports the
hypothesis that hydrogen atoms are intercalated between the CVD-grown graphene and Ge substrate. We
performed experimental deintercalation and reintercalation processes of the hydrogen atoms, and showed that
the electronic structure and diﬀraction pattern of the
graphene-covered Ge surface was fully recovered after
these processes, which suggests the existence of hydrogen atoms between the CVD-grown graphene and Ge
substrate.

II. EXPERIMENTS AND DISCUSSION
First, as a pretreatment, we removed the surface
germanium-oxide layers and organic contaminants. A
Ge wafer was cleaned by the standard Radio Corporation of America (RCA) cleaning process, followed by
an oxygen-plasma treatment [24]. The Ge wafer was
dipped into a 10% hydroﬂuoric acid solution to remove
the surface germanium-oxides, which passivated the Ge
surface’s dangling bonds with hydrogen atoms. The
hydrogen-terminated Ge wafer was loaded into a lowpressure CVD chamber. The chamber was pumped down
to a pressure of 10−5 Torr to avoid the formation of surface oxides. After the pumping, we started to introduce
H2 gas (99.999% purity) into the chamber, and increased
the temperature to 910 ◦ C. When the optimal temperature was reached, a hydrogen-plasma treatment was applied for 10 min to remove the unavoidable surface oxides. For the synthesis of graphene, a gas mixture of H2
and CH4 (100 : 1 ratio) was introduced in the chamber,
and a total pressure of 100 Torr was maintained for 2 h.
Then, the sample was rapidly cooled to room temperature in vacuum [4].
After loading the sample into the ultra-high-vacuum
chamber, it was heated to 925 ◦ C to remove residues
and deintercalate the hydrogen atoms between the CVDgrown graphene and Ge substrate. After the deintercalation, we performed an ex-situ hydrogen intercalation. The crystalline and electronic band structures
of the CVD-grown graphene during the deintercalation
and reintercalation processes were measured using LEED
and ARPES, respectively. The ARPES spectra were
measured with a commercial angle-resolved photoelectron spectrometer (R3000, VG-Scienta) and monochromated He-II radiation beam source (VG-Scienta) at

Fig. 1. (Color online) Experimental LEED data of the
CVD-grown graphene on the hydrogen-terminated Ge (110)
substrate, with a beam energy of 80 eV. (a) LEED pattern after the heating to 850 ◦ C, where the LEED peaks of graphene
are indicated by the black circles. (b) LEED pattern after the
heating to 925 ◦ C, where the LEED peaks of Ge (110) are indicated by the blue dashed circles. (c) LEED pattern after the
reintercalation of the hydrogen atoms. (d) Line proﬁles near
an LEED peak of graphene, obtained along the red dashed
line in (c), where the peaks labeled as G and S originate from
graphene and Ge (110), respectively.

room temperature. As described in Ref. 4, singleoriented graphene seeds are grown along the speciﬁc direction, [1̄10], of the hydrogen-terminated Ge(110) surface. The single-oriented graphene seeds coalesce into
single-crystal graphene, where the positions of the singleoriented graphene seeds can be adjusted during the coalescence [4].
Figure 1 shows the changes in the LEED patterns of
the CVD-grown graphene on the hydrogen-terminated
Ge (110) substrate during the deintercalation and reintercalation of the hydrogen atoms; the LEED beam energy was 80 eV. Figure 1(a) shows the LEED pattern
after the heating to 850 ◦ C, where the LEED peaks
of graphene appear, as indicated by the black circles;
the LEED peaks of the Ge substrate are not visible [4].
Above a heating temperature of 900 ◦ C, the LEED peaks
of the Ge (110) substrate became visible, as indicated by
the blue-dashed circles in Fig. 1(b). The LEED peaks of
the Ge substrate were observed near the graphene peaks
at 925 ◦ C. The appearance of the LEED pattern of the
Ge substrate suggests that the hydrogen atoms begin
to be deintercalated above 900 ◦ C. The deintercalation
temperature of the hydrogen atoms is similar to that of
6H-SiC (0001). When a 6H-SiC (0001) substrate without
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Fig. 2. (Color online) Changes in the ARPES intensity maps of the CVD-grown graphene on the hydrogenterminated Ge (110) substrate near the K-point (see the inset
in (a)). (a) ARPES intensity map of the as-grown graphene.
(b) - (e) ARPES intensity maps measured after the heating
to (b) 600 ◦ C, (c) 850 ◦ C, (d) 900 ◦ C, and (e) 925 ◦ C, respectively. (f) ARPES intensity map measured after the reintercalation of the hydrogen atoms. The Dirac-point energies in
(a) - (f) are indicated by the green lines.

graphene is terminated with hydrogen atoms, the desorption temperature of the hydrogen atoms is approximately
590 ◦ C, whereas that of a Ge substrate with graphene
is 300 ◦ C [25–27]. When hydrogen atoms are intercalated between the epitaxial graphene and SiC substrate,
the desorption temperature increases to approximately
900 ◦ C [28]. After the deintercalation, the hydrogen
atoms were reintercalated in another vacuum chamber
under a hydrogen pressure of 750 Torr at 900 ◦ C. Subsequently, the graphene-covered Ge substrate was placed
again in the analysis chamber [28]. The presence of dangling bonds make the surface reactive, resulting in dissociative adsorption of hydrogen molecules on the surface [29–31]. Accordingly, the temperatures of hydrogen
intercalation between the graphene and the SiC (0001)
surface were between 550 and 1000 ◦ C, which is significantly lower than the thermal decomposition temperature of hydrogen molecules [28,32,33]. Figure 1(c) shows
the LEED pattern after the reintercalation, where the
LEED peaks of the Ge substrate disappeared again; only
the graphene peaks were observed. The line-proﬁle in
Fig. 1(d) was also recovered, where the peaks labeled
as G and S originated from the CVD-grown graphene
and Ge substrate, respectively. The LEED patterns suggest that hydrogen atoms were intercalated between the
CVD-grown graphene and Ge substrate during the CVD
growth.
In addition, we measured ARPES intensity maps during the deintercalation and reintercalation, as shown in
Fig. 2. These maps were measured along the direc-

Fig. 3. (Color online) (a) ARPES intensity map measured
after the reintercalation of the hydrogen atoms. (b) Changes
in EDCs. (c) Changes in MDCs. The EDCs and MDCs
were obtained along the white and blue dashed lines in (a),
respectively. In (b) and (c), the black, grey, blue, and red
lines correspond to data measured after the heating to 800 ◦ C,
900 ◦ C, and 925 ◦ C, and after reintercalation of the hydrogen
atoms, respectively.

tion perpendicular to the Γ-K direction across the K
point, as shown in the inset of Fig. 2(a), where the
K-point is located at ky = 0 Å−1 . Figure 2(a) shows
the ARPES intensity map before the deintercalation,
which reveals that the Dirac-point energy is 0.163 eV,
and suggests that the CVD-grown graphene is electrondoped. However, the electron doping is not intrinsic and
originates from the inevitable chemical residues formed
during the CVD growth or when the sample was exposed to air. The electron doping can be understood
through the following thermal treatments. When the
graphene-covered Ge substrate was heated from 600 ◦ C
to 850 ◦ C, the Dirac-point energy decreased to 0.022 eV,
making graphene almost neutral, as shown in Fig. 2(d).
This decrease of the Dirac-point energy suggests that
the chemical residues were removed. However, when
the graphene-covered wafer was heated further, above
900 ◦ C, the Dirac-point energy increased to 0.102 eV, as
shown in Fig. 2(e). The increase of the Dirac-point energy suggests that hydrogen atoms intercalated between
the CVD-grown graphene, and that the Ge substrate
became deintercalated [34]. After the deintercalation
of the hydrogen atoms, graphene partially bonds to Ge
atoms on the Ge surface. As electrons are transferred
from the dangling bonds of the Ge atoms to graphene,
as reported previously, the increase of the Dirac-point
energy is consistent with the suggestion that graphene
becomes electron-doped [35, 36]. The clear observation
of the Dirac-cone of graphene on the Ge surface without hydrogen atoms is diﬀerent from that on a SiC surface [11, 28], where graphene is insulating and exhibits
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Fig. 4. (Color online) Changes in Dirac-point energies
(black) and FWHMs (blue) of the MDCs after the heating
and reintercalation of the hydrogen atoms. The insets show
atomic-structure models during the heating, deintercalation,
and reintercalation; the black, purple, and red atoms correspond to Ge, graphene, and hydrogen, respectively.

only ﬂat bands. The clear observation of the Dirac-cone
suggests that graphene weakly bonds to Ge atoms on
the Ge surface, compared to the stronger bonds between
Si atoms on a SiC surface and graphene [28]. Recent
scanning tunneling microscopy (STM) and ARPES experiments and density functional theory (DFT) calculations of graphene grown on a Ge(110) surface also support that interactions between graphene and a Ge surface
are weak, where graphene was grown directly on a clean
Ge(110) surface in vacuum so that it is located directly
on a clean Ge(110) surface [37]. When the hydrogen
atoms are reintercalated in the other vacuum chamber,
the Dirac-point energy changed to 0.038 eV, as shown
in Fig. 2(f), and graphene became almost neutral again.
This implies that the Ge surface is fully saturated with
hydrogen atoms. The Dirac-point energy after the reintercalation is very similar to that measured after the removal of the chemical residues, as shown in Figs. 2(d) and
2(f). The deintercalation and reintercalation results suggest that the hydrogen atoms are intercalated between
the CVD-grown graphene and Ge substrate.
We further analyzed the ARPES spectra, and studied
the energy distribution curves (EDCs) and momentum
distribution curves (MDCs) as well as their changes during the deintercalation and reintercalation of hydrogen
atoms, as shown in Fig. 3. The EDCs in the ﬁgure are
plotted along the energy direction at the K point, while
the MDCs are plotted along the momentum direction
at a binding energy of 1 eV. Figure 3(b) shows that,
as described above, the Dirac-point energy increases for
temperatures above 900 ◦ C owing to the hydrogen deintercalation, and it decreases after the hydrogen reintercalation. In Fig. 3(c), the full-width-at-half-maximum
(FWHM) of the MDC after the heating to 800 ◦ C is
0.088 Å−1 . The FWHM widens to 0.099 Å−1 with the
increase of the heating temperature, which suggests that
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the FWHM increases during the hydrogen deintercalation. After the reintercalation of the hydrogen atoms, the
FWHM narrows and becomes similar to that measured
after the heating to 800 ◦ C. The FWHM can be aﬀected
by chemical residues, and roughness and domain size of
graphene. As the same graphene layer was used during the deintercalation and reintercalation, the change in
FWHM is not related with the domain size of graphene.
The presence of a high amount of chemical residues can
lead to a widened FWHM. In the present experiments,
chemical residues were removed at high heating temperatures; therefore, the widening of the FWHM at high
heating temperatures cannot be attributed to chemical
residues. Therefore, the change in FWHM originates
from the roughness of graphene [38–40], which is related
to the bonds between graphene and Ge surface. When
graphene is located on a hydrogen-terminated surface,
it is relatively ﬂat as there is no external strain. However, when graphene bonds directly to Ge atoms on the
surface, it can deform and become rougher. Therefore,
the change in FWHM further supports the hypothesis
that hydrogen atoms are intercalated between the CVDgrown graphene and Ge wafer.

III. CONCLUSION
As shown in Fig. 4, when the graphene-covered Ge substrate, synthesized using CVD, was heated to 900 ◦ C, the
residues were removed. The removal of the residues made
the CVD-grown graphene nearly neutral, as the existence
of residues contributes to the electron doping. Above
900 ◦ C, the hydrogen atoms between graphene and Ge
substrate began to deintercalate, making graphene an
electron-doped layer, where electrons were provided by
the Ge atoms from the Ge surface. When the hydrogen
atoms were reintercalated, the neutral graphene was recovered. Furthermore, the FWHM of the MDC was fully
recovered. Therefore, the present ARPES and LEED experiments support the hypothesis that hydrogen atoms
were intercalated between the CVD-grown graphene and
Ge substrate.
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