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Extremely High Intrinsic Carrier Mobility and Quantum Hall
Effect Of Single Crystalline Graphene Grown on Ge(110)

Wang Guo, Miao Zhang, Zhongying Xue, Paul K. Chu, Yongfeng Mei, Ziao Tian,*

and Zengfeng Di*

The successful synthesis of wafer-scale single crystalline graphene on
semiconducting Ge substrate has been considered a significant breakthrough
toward the manufacturing of graphene-based electronic and photonic
devices; however, the assumed extremely high electrical mobility has not been
found yet due to the lack of an adequate characterization method. Herein,
state-of-the-art transfer methods are developed to encapsulate the single
crystalline graphene, which is grown on semiconducting Ge(110), in two
hexagonal boron nitride (hBN) flakes, then acquire its inherent electrical
mobility precisely via edge-contact technique. It is found that single crystalline
graphene grown on Ge(110) possesses a maximum carrier mobility of over
100 000 cm? V=" s~ at low temperatures (2.3 K), which is superior to that
obtained from graphene grown on other nonmetal substrates. Due to the
extremely high mobility, well-defined quantum Hall effect and Shubnikov-de
Haas oscillations can be observed at low temperatures as well. The study
suggests that the excellent carrier mobility of graphene grown on Ge(110)
may open an avenue to develop the practical graphene-based nanodevices
with high performance.

and optical integrated devices with high
performances.’”! Since the whole syn-
thesis procedure avoids the use of metal-
lic substrates,®?] it is compatible with
modern semiconductor technology, thus
permitting device downscaling and the
extension of Moore’s law.['%! In the past
decade, single crystalline graphene has
been successfully grown on Ge(110)
and Ge(001),'*12] and a number of
technologies have been used to exam-
ine the charge transport properties of
graphene, particularly their intrinsic car-
rier mobilities. For example, a mobil-
ity of only 1000 cm? V-! s7! is de-
termined for graphene grown on Ge
substrate using the traditional polymer-
assisted wet-transfer method.") The ob-
tained value of carrier mobility is far
below the expected one due to the in-
adequate transfer process. The carrier
mobility increases to 7250 cm? V7!
s7! when gold-coated graphene film is

1. Introduction

Graphene synthesized on semiconducting germanium (Ge) sub-
strate by chemical vapor decomposition (CVD) enables the de-
velopment of radio frequency transistors,!'**! spintronic devices,

directly exfoliated from the underlying Ge substrate by using
thermal-release tape (TRT).I?! Recently, an indirect characteriza-
tion, known as terahertz time domain spectroscopy (THz-TDS),
has been performed to determine the carrier mobility across the
graphene on the intrinsic Ge(110) wafer.['!] This noncontact and
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Figure 1. Formation of edge-contact Hall bar device based on hBN/graphene/hBN sandwich structure. a) The single crystalline graphene grown on
Ge(110) substrate in a CVD furnace at 916 °C. b) Dry transfer process by van der Waals interactions: (i) hBN flake mechanically exfoliated on a slice of
graphene/Ge(110) sample cutting from a wafer as shown in (a). (ii) Peel the graphene/hBN heterojunction directly with PVA/PDMS film; (iii) Transfer
the heterojunction to another slice of hBN flake on SiO,/Si substrate; (iv) Formation of hBN/graphene/hBN sandwich structure; (v) Fabrication of
edge-contact Hall bar device. c) SEM image of an exfoliated hBN flake on graphene/Ge(110) (green area). d) SEM image of graphene/Ge(110) after
the hBN/graphene is peeled from the substrate. The blue area illustrates the bare Ge substrate and the yellow dotted line shows the contour of the
hBN flake. e) Optical image of the graphene/hBN transferred on PVA/PDMS. f) Optical image of hBN/graphene/hBN sandwich structure formed
by releasing graphene/hBN on hBN covered SiO, substrate. g) Raman spectra showing the main formation steps of hBN/graphene/hBN sandwich
structure including graphene/Ge (Gr/Ge), graphene/hBN/PVA (Gr/hBN/PVA), and hBN/graphene/hBN (hBN/Gr/hBN). h) Bright-field cross-section
TEM image of the edge-contact geometry of the Hall bar device. i) Zoom in high-resolution cross-section STEM image from red box in h) showing the

hBN/graphene/hBN sandwich structure.

nondestructive method shows the ultrahigh average mobility as
26351 cm? V1 571, even with the scattering effect of Ge substrate.
However, a direct method to obtain the intrinsic carrier mobility
of single crystalline graphene without the scattering effect of Ge
substrate is still under demand.!**14

In this work, by using hBN flake, single crystalline graphene
without any undesirable residues coming from the transfer
process can be directly peeled from Ge(110) substrate due to
the extremely weak adhesion between graphene and the Ge
substrate.['] After printing graphene onto another piece of me-
chanically exfoliated hBN flake, a sandwich heterojunction of
hBN/graphene/hBN is formed, in which encapsulated graphene
is protected from external moisture and air,'®! and the scat-
tering effect from semiconducting Ge substrate can be ex-
cluded. The sandwich structure is able to eliminate the possi-
bility of mobility deterioration caused by transfer and substrate-
induced long-range scattering remarkably.'31718] A Hall bar
device fabricated with the edge-contact technique is demon-
strated to have maximum electron (¢.) and hole (e;,) mobili-
ties of 96 000 and 100000 cm? V~! 571, respectively, at 2.3 K[!
Moreover, due to the extremely high carrier mobility, both the
Quantum Hall effect (QHE) and Shubnikov-de Haas oscillations
(SdH) can be observed at low temperature in single crystalline
graphene.l?’] Our graphene-on-Ge platform may offer a promis-
ing pathway to realize advanced electronics, optoelectronics, and
photonics.[21:22]
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2. Results and Discussion

2.1. Preparation of hBN/Graphene/hBN Sandwich Structure

In Figure 1a, wafer-scale single crystalline graphene has been
grown at 916 °C on Ge(110) substrate using atmospheric-
pressure CVD furnace in a methane gas environment.[>?3! More
growth parameters are shown in Table S1 in the Supporting In-
formation. The Raman spectra shown in Figure S1 (Supporting
Information) suggest the synthesized graphene wafer possesses
high crystalline quality and good uniformity. In Figure 1b-i, a
piece of graphene/Ge(110) (1 x 1 cm?) sample is cut from the
wafer, and then a thin hBN flake with a thickness of ~35 nm
is mechanically applied to the graphene, and the corresponding
SEM image of hBN/graphene/Ge(110) is shown in Figure 1c.
Due to the extremely weak adhesion between graphene and the
Ge(110), monolayer graphene can be peeled from Ge(110) sub-
strate directly using the bilayer stack consisting of a slice of
polyvinyl alcohol (PVA) and a larger slice of polydimethylsiloxane
(PDMS), as shown in Figure 1b-ii. A SEM image of graphene-
peeled Ge(110) substrate and an optical image of hBN/graphene
on bilayer stack are shown in Figure 1d,e, respectively. Upon
printing to another exfoliated hBN flake covered SiO, substrate,
the sandwich of hBN/graphene/hBN is formed (Figure 1b-iii
and iv) and an optical image is shown in Figure 1f. The for-
mation process of hBN/graphene/hBN sandwich structure can
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be monitored by Raman spectra, as displayed in Figure 1g.
For hBN/graphene/hBN sandwich structure, the intensity ratio
Lp /I of graphene is the highest, which is due to the fact that en-
capsulated graphene by hBN is protected from external environ-
ment and the charge doping from substrate can been eliminated
significantly.?*?] Finally, using the edge-contact technique, Hall
bar device is fabricated on hBN/graphene/hBN sandwich struc-
ture (Figure 1b-v) and the corresponding cross section transmis-
sion electron microscope (TEM) image is shown in Figure 1h. A
certain slope of the edge formed in cross section ensures 1D edge
contact between exposed graphene and metal lead because of lat-
eral etching.['! Compared with 2D surface contact interface, 1D
edge contacts present no contaminations between graphene and
metal. Therefore, electrons can travel freely between graphene
and metal, ensuring better electrical conductivity.®! In addi-
tion, a high-resolution cross-section STEM image (Figure 1i)
from the red box in (h) reveals a clean interface between
graphene and layered hBN, which reduces long-range and
short-range scattering in graphene and thus increases carrier
mobility.[26:27]

2.2. Raman Characterization of hBN/Graphene/hBN Sandwich
Structure

Traditional wet-transferred graphene methods result in increased
charge doping and strain fluctuations due to residual polymers
and metal ions, which reduces the quality of the graphene
crystal.l?®) Using wet-transferred technology, the graphene grown
on Ge(110) is wet-transferred on SiO, substrate and the crys-
tal quality of graphene is evidenced by the extremely low I g
(~0.025) of D peak and G peak as shown in Figure S2a and S2b
(Supporting Information).l*”) However, the intensity ratio I, ; of
2D peak and G peak in wet-transferred graphene can only reach
~2.1 as shown in Figure S2c (Supporting Information). The low
L, originates from the dangling bonds of the SiO, substrate-
as well as the contamination-induced doping, which damages the
ballistic transport of charge carriers.?**%! Furthermore, the wet-
transferred graphene shows an average hydrostatic strain e as

large as 0.18% in Figure S2d (Supporting Information) calculated
agl3132]

A
¢ = -L2% (1)
wo Y

where w, is the G peak position at zero strain, Aw, is the fre-
quency shift of the G peak, andy is the Griineisen parameter
(slope of Aw,,/Aw, where Aw,y, is the frequency shift of the
2D peak), which is 2.2 in freestanding graphene. The unexpected
strain fluctuations and charge doping seriously weaken the elec-
trical properties of graphene by enhanced scattering effect and
the all-dry transfer method will avoid these drawbacks.[**]

In the all-dry transfer case, the Raman characterization of
hBN/graphene/hBN sandwich structure in Figure S3a (Support-
ing Information) shows a weak G peak at 1584 cm™ and a
strong 2D peaks at 2692 cm™', in which the I,y is as high
as ~7.6 in six Raman spectra as shown in Figure 2a (more de-
tails shown in Figure S3b,c, Supporting Information). The high
L, indicates that the graphene/hBN interface is free from

Adv. Mater. Interfaces 2023, 10, 2300482 2300482 (3 of 8)

www.advmatinterfaces.de

charge doping induced by either substrate or external contami-
nations, thus facilitating more efficient charge transport through
the clean interface.[?] Besides, the lack of D peak in sandwiched
graphene suggests the all-dry transfer process is nondestruc-
tive. The charge doping and local strain induced by substrate to-
gether with the external contaminations will both seriously de-
grade the carrier transport in graphene. To qualitatively deter-
mine the dominant disorder source, the spatially resolved Raman
spectra measurement in an area of 20 um X 20 um (red dashed
box in Figure S3a, Supporting Information) is performed to ob-
tain the position of the 2D peak (w,p,) and G peak (w;). Using the
vector-decomposition model, the relationship between w,, and
¢ in graphene is summarized in Figure 2b, where strain and
charge doping are optically separated on the axis for strain (red
dotted line) and doping (green dotted line).[*!) Similar to the wet-
transferred graphene, the slope (Aw,,/Aw) of dry-transferred
graphene is about 2.2 and parallel to the strain axis, suggesting
that strain is the dominant disorder in both cases rather than
charge doping. For cursory estimation of hydrostatic strain from
G peak, the wet-transferred graphene on SiO, exhibits a red shift
(namely, tensile strain) while dry-transferred graphene encapsu-
lated in hBN tends to exhibit a blue shift (namely, compressive
strain) and is closer to the freestanding point (black dot), indicat-
ing a smaller degree of strain inhomogeneity. In particular, the
anomalous up shift of 2D peak in hBN/graphene/hBN sandwich
structure can be attributed to the reduced electron—phonon cou-
pling at high-symmetry point K caused by dielectric screening
from thick hBN substrate, which is also known as the tuned Co-
hen anomaly.**

Following the formula (1) above, the exact value of the hy-
drostatic strain ¢ in dry-assembled graphene is extracted and
summarized in Figure 2c, where the spatially resolved map-
ping of € and its histogram are plotted. On the one hand, the
all-dry transferred graphene manifests smaller average strain
value (—-0.05%) and distribution range (—-0.2% to 0.1%) com-
pared to wet-transferred graphene to SiO2 substrate (Figure S2d,
Supporting Information). As a result, the strain-induced local
pseudomagnetic fields in graphene is reduced and the corre-
sponding intravalley scattering is suppressed, thus facilitating
the more efficient movement of the carriers.*>*¢ On the other
hand, the all-dry transferred graphene illustrates a smaller ran-
dom strain fluctuation which can be reflected by the full width
at half maximum (FWHM) of the 2D peak (I',p). In general,
the reduced random strain variations can lead to a narrower 2D
peak.33] Extracted by Lorentz fitting, the T, of all-dry trans-
ferred graphene (Figure 2d) shows an average value of 18.8 cm™!,
which is much smaller than the value of 32.5 cm™! for the
wet-transferred graphene (Figure S2a, Supporting Information).
It indicates the fact that the graphene transferred by the dry-
assembled process exhibits less random strain fluctuations than
that obtained by the wet transfer, which is conducive to improve
the carrier mobility by the considerable suppression of scattering
effects.

2.3. The Electrical Transport Measurements
The edge-contact Hall bar device is fabricated in the

hBN/graphene/hBN sandwich structure as shown in the
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Figure 2. Raman characterization of hBN/graphene/hBN sandwich structure. a) Six typical Raman spectra of the sandwich structure (red dashed box
in Figure S3a, Supporting Information). b) The relationship of the @, and g in the wet-transferred graphene on SiO, and dry-assembled sandwiched
graphene. c) The histogram of strain obtained from an area of 20 x 20 um?. Inset: spatially resolved mapping of the strain. d) The histogram of the ',
corresponding to c) with a maximum at 18.8 cm™'. The inset shows the spatially resolved mapping of the I'p.

inset of Figure 3a. To eliminate the influence of contact resis-
tance, all electrical transports are performed by Kelvin four-
terminal configuration at 2.3 K (pale blue) and 300 K (pink).l%!
As a consequence of the linear dispersion relationship at the
Dirac point of the graphene,*’] the four-terminal resistance
R, (determined by V. /I as shown in the inset of Figure 3a) of
Hall bar device exhibits a sharp peak as a function of back-gate
voltage V,,. The sharp peak, also known as the charge neutrality
point (Veyp), is located at —5 V, which manifests slight n doping
existing due to the graphene-Cr work function difference.l"”]
Compared with the R, at 300 K, the low-temperature (2.3 K)
resistance R, increases by a factor of 1.3 at Vp,,. due to the
suppressed thermal activation. It should be noted that the high
ratio of maximum resistance peak under low temperature and
room temperature usually occurs in the disorder-suppressed
monolayer graphene.3]

The conductivity ¢ is determined by ¢ = R W/L, where the
W and L are width and length of device channel, respectively.
By performing the Hall measurements with magnetic field B =
0.25 T, the back-gate voltage dependent carrier density n can be
calculated by dividing the R, /B = 1/ne (details shown in Figure
S4a, Supporting Information). The Hall resistance R, is obtained
from V, /I as illustrated in the inset of Figure 3a. Afterward, the
relationship between conductivitycand charge carrier density n is
shown in Figure 3b. Atlow carrier density (n <5 x 10" cm™2), the
low-temperature ¢ — n curve is consistent with the linear Drude
model,*®] but the self-consistent Boltzmann model fits the curve
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better at high carrier density, as demonstrated in Figure S4b
(Supporting Information).l3?! To extrapolate the disorder-induced
charge carrier density fluctuations n*, the relationship between
log(c) and log(n) is shown in Figure 3c.*] The exact value of
the n* (guided by gray dashed line) is 3 x 10 at 2.3 K and 9 X
10 ¢cm~2 at 300 K, respectively, which is much smaller than the
wet-transferred graphene devices on SiO, substrate (> 1 x 10"
cm2).38 This small fluctuation in carrier density is attributed to
the reduction of doping- and strain-induced disorder during the
dry transfer process, which coincides with the results of Raman
characterization.!*’]

According to mobility equation of ¢, = o/ne from Drude
model, the mobility e}, as a function of the charge carrier den-
sity n is plotted in Figure 3d. Near the charge neutrality point at
2.3 K, the maximum mobilities of electrons (e.) and holes (¢})
are 9.6 x 10* and 1.0 X 10° cm? V~! 571, respectively. The carrier
mobility can also be estimated from the linear fitting near Dirac
point in Figure S4b (Supporting Information), and the maximum
mobilities of electrons and holes are 8.3 x 10* and 11.5 x 10*
cm? V-1 571, respectively, which are approximate to the values
mentioned earlier. Furthermore, as the temperature is elevated
to room temperature (300 K), the maximum mobilities of elec-
trons (€,) and holes (¢,) change to 4.6 x 10* and 6.0 X 10* cm?
V=1 571, respectively. Our study suggests that the edge-contact
Hall bar device built on hBN/graphene/hBN sandwich structure
provides an unique architecture to acquire the accurate mobil-
ity of 2D materials, and the estimated carrier mobility of single
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Figure 3. Transport characterization of an edge-contact Hall bar device. a) Typical transfer curves of a Hall bar device at 2.3 K (pale blue) and 300 K
(pink). Inset: optical image of the Hall bar device and the scale bar is 5 um. b) The relationship of conductance ¢ and carrier density n of the device
extracted from (a). c) The charge carrier density fluctuations n* extracted from the double-logarithmic scale of b) at 2.3 and 300 K. d) Density-dependent
carrier mobilities epof the hBN/graphene/hBN sandwich structure extracted by Drude model according to the formula: ey = o/ne, with the density of
charge carriers n obtained through the Hall measurements (details shown in Figure S4a, Supporting Information). e) Comparison of carrier mobilities
of graphene grown on Ge(110) with that of graphene grown on other nonmetal substrates.

crystalline graphene grown on Ge(110) is found to be much
higher than those prepared on other nonmetallic substrates
(semiconductors or insulators) including sapphire, SiO,, hBN,
SiC, and Si;N, as shown in Figure 3e.[21541-54]

The ultrahigh mobility found in the edge-contact Hall bar
device built on hBN/graphene/hBN sandwich structure is fur-
ther verified by other four parallel devices, as depicted in Figure
S5 in the Supporting Information. For other four devices, the
mobilities obtained at 2.3 K are distributed in the range of
4.5 x 10*-7.7 x 10* cm? V! s71. And, the corresponding carrier
density fluctuations n* vary from 6.3 X 10'° to 3.7 X 10!° cm~2 as
show in Figure S6 (Supporting Information).

2.4. The QHE and SdH Oscillations

The ultrahigh carrier mobility enables the observation of novel
physical phenomena in the edge-contact Hall bar device, includ-
ing half-inter QHE and SdH oscillations, as shown in Figure 4.
Below a fixed back-gate voltage V;,, = 35 V, the well-defined
plateaux of Hall resistance R, (blue) and the oscillatory lon-
gitudinal magnetoresistance R, (red) are observed, as shown
in Figure 4a. The quantized conductance (R;;) of plateaux in
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Figure 4a are in accordance with the following formulal?!
R = xg (n+1/2)¢/h )

where g, is the degeneracy of the Landau level of graphene (equal
to four), + represents the electrons and holes, respectively, nis an
integer, e represents the elementary charge, and h is the Planck
constant. With a back-gate voltage V;,, = 35V, the filling factors
v==+g(n+1/2) =10, 14, 18... (denoted as black dashed line) are
observed. Decreasing the back-gate voltage V,, to 5V, the lower
filling factors v = 2, 6, 10 are observed as displayed in inset of
Figure 4a. In integer quantum Hall states, the oscillations of mag-
netoresistance R occur when the quantization Hall resistance
R, appears, which is well described by

AR, = R(B,T)cos [27 (B;/B+1/2+ f)] (3)

where R(B,T) is the amplitude of the SdH oscillations, B; is
the frequency of the oscillations, and f is the Berry’s phase of
graphene.l??] The magnetoresistance show more SdH oscilla-
tions due to the increased Landau level density of states (DOS)
at high carrier density. An increased back-gate voltage of 45 V
leads to more Landau levels being occupied by electrons, as
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Figure 4. QHE and SdH oscillations of an edge-contact Hall bar device. a) Hall resistance R,, (blue) and magnetoresistance R, (red) as a function of
vertical magnetic field B at 2.3 K with a back-gate voltage V},, at 35 and 5 V (inset). Well-defined Quantum Hall plateaux with the quantized filling factors
v=2,6, 10, 14... and SdH oscillations are observed. b) The QHE and SdH oscillations as a function of back-gate voltage V,, at fixed magnetic field B =
5T, which measured at 2.3 K. c) The robustness of magneto-oscillations to temperature dependence from 10 to 95 K ( Vi,g = 0). d) The fan diagram of
SdH oscillations for different V.. The Landau index n of the magnetoresistance R, as a function of 1/B is almost symmetrical, which corresponds to

the electron—hole symmetry existing in graphene.

shown in Figure S7 (Supporting Information), confirming the
enhanced electron—electron interactions by the observation of the
fractional quantum Hall effect.l®] Both quantum Hall effect and
the SdH oscillations provide a convincing evidence for the exis-
tence of extremely high mobility in the edge-contact Hall bar de-
vice built on hBN/graphene/hBN sandwich structure, in which
the single crystalline graphene is initially grown on Ge(110)
substate.

The QHE and SdH oscillations are observed for both elec-
trons and holes by altering the Vj,, across the Dirac point with
a fixed magnetic field B (5 T). In the case of electrons (Vj,
= Venp > 0) or holes (V,,, — Vgyp < 0) filling Landau levels,
the quantum Hall plateaux (blue) and symmetric SdH oscilla-
tions (red) occur synchronously, as shown in Figure 4b, in which
the plateaux of the Hall resistance are denoted by black dashed
line.

Meanwhile, the ultrahigh mobility in graphene can also be
proved by the robustness of the magneto-oscillations to tempera-
ture dependence.l**! The magnetic oscillation curves under vari-
able temperature are shown in Figure 4c, where the SdH oscilla-
tions gradually weaken with increasing temperature, and disap-
pear when the temperature approaches 100 K. The SdH oscilla-
tions are able to preserve over a wide temperature range, indicat-
ing the strong robustness of carrier transport to external thermal
fluctuations, which can be further utilized in quantized Hall re-
sistance (QHR) applications.l*”]

Arising from the symmetric band structure of graphene,!
Landau levels in the quantum Hall regime can be filled by

37]
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both electrons or holes. Hence, the relationship of Landau in-
dex n (nth minimum R) and 1/B are plotted in the fan dia-
gram in Figure 4d. At different back-gate voltages, the nonzero
intercept of linear fit to the data with Landau index »n and
1/B symmetrically converge on both sides of the n-index axis.
The dry transfer of graphene assisted with hBN offers an ap-
propriate method to explore the inherent carrier mobility of
graphene grown on Ge(110) substrate. The SdH oscillations over
a wide range of back-gate voltages once again prove the ex-
tremely high intrinsic carrier mobility of CVD graphene, which
sets a solid foundation for the applications of nonmetal grown
graphene.

3. Conclusion

In summary, the advanced dry-transferred method together with
the edge-contact technique are developed to pick up the graphene
directly from Ge(110) substrate, and form high quality Hall bar
device built on hBN/graphene/hBN sandwich structure. The
transport measurements of Hall bar device in both low tem-
perature and room temperature demonstrate that the graphene
grown on Ge(110) possess extremely high carrier mobility, which
is further verified by the observation of the well-defined QHE
and SdH oscillations. The superiority of the mobility in graphene
grown on Ge(110) may open an avenue to drive the semiconduc-
tor process-compatible nonmetal graphene toward more promis-
ing applications.

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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4. Experimental Section

Dry Transfer Process:  First, PVA film was prepared by dropping PVA so-
lution (8%) on the glass slide and dried it in the atmosphere. Then a piece
of polydimethylsiloxane (PDMS, 1x1cm?) block was attached on the glass
slide, and the prepared PVA film was cut to 2 X 2 mm in size and placed on
PDMS to form a stack of PVA/PDMS film. Prior to the transfer of graphene,
the hBN flakes with a thickness of around 30-40 nm was mechanically ex-
foliated on the surface of the graphene. With the optical examination, the
polymer stack was positioned in a micromanipulator. With a slight hori-
zontal inclination, the stack was dropped down at the desired position. Af-
terward, the sample was heated to 75 °C at first and the stack was brought
into mechanical contact with the hBN/graphene on Ge substrate from one
side slowly. When the PVA film completely covered the hBN/graphene,
the temperature of sample continued to be kept at 75 °C for 3 min and
then cooled down to room temperature. Rapidly, the graphene was picked
up from the Ge substrate and optical examination was performed before
the graphene/hBN/PVA/PDMS stack was transferred to another exfoliated
hBN flake on SiO, substrate. At 80 °C, PVA and PDMS could be easily sep-
arated due to the weak adhesion between them while the graphene/hBN
hybrid would be released to another slice of hBN.

Device Fabrication: The edge-contact Hall bar device fabrication con-
sists of two key steps, namely, the exposure of the edge of the encapsu-
lated graphene layer and the deposition of metal electrodes. To define the
shape of Hall bar device, a poly(methyl methacrylate) (PMMA) film was
spin coated as a mask and then the electron beam lithography (EBL, Zeiss
Sigma system) was used to pattern the PMMA layer to define the device
shape. Afterward the hBN/graphene/hBN stack was etched in an RIE sys-
tem with a mixture of O, (4 sccm) and CHF; (40 sccm) gases under 60 W
at a pressure of 10 Pa. The PMMA layer with acetone was dissolved. After-
ward, the Methyl methacrylate (MMA) and PMMA layers were spin coated,
respectively, before the EBL process. Developing immediately after EBL
process, 10 nm Cr and 80 nm Au were deposited to form the electrical
contact between Cr/Au electrodes and graphene by electron beam evapo-
ration (EBE) system. After the lift-off process, the devices were annealed
in ambient pressure with a mixture of Ar (200 sccm) and H, (20 sccm) at
250 °C for 3 h to remove residual polymer.

Raman Measurement: The Raman spectra of hBN/graphene/hBN
sandwich structure was measured using a micro-Raman spectroscope
(HR800, Horiba) in ambient environment. In order to eliminate the para-
sitic thermal effects and guarantee the signal-to-noise ratio, the power of
laser with a wavelength of 514 nm was set to the minimum value of 5 mW.
The diameter of laser spot is about 1 pm.

Transport Measurement: The transport measurement was performed
by a physical property measurement system (PPMS-9T, Quantum Design)
from 2.3 to 300 K. In order to apply a back-gate voltage to alter the carrier
density of the graphene in Hall device, an external Keithley 2400 SourceMe-
ter was utilized.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Supporting Section 1: Chemical vapor deposition of graphene on Ge(110)

substrate

Table S1 The growth parameters.

Stage Time (min) Ar H» CH4 Temperature (°C)
Ramping stage 120min 300 30 0 916
20min 350 35 1.6 916
Growth stage 660min 700 70 0.8 916
60min 700 70 2.0 916
Cooling stage 60min 700 70 0 60

The Raman and AFM results are shown in Figure S1. The Raman spectra of nine
representative regions across the wafer (Figure S1a) show a lack of D peak and high
Lpic (A2), indicating satisfactory crystal quality and uniformity of graphene, as
shown in Figure S1b. AFM image in Figure Slc shows the presence of wrinkles
caused by the mismatch between the thermal expansion coefficients of the graphene
and Ge substrates. Nanoscale height steps and particle-free surface of the as-grown

graphene facilitate the ensuing dry transfer process.

Figure S1. Wafer-scale graphene grown on Ge(110) by chemical vapor deposition
(CVD). a) The optical image of 4-inch wafer-scale graphene on Ge(110) substrate. b)
The Raman spectra of the graphene corresponding to the 9 colored points in (a). c)

The AFM image of graphene/Ge(110).
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Supporting Section 2: Wet transfer of as-grown graphene on SiO2 substrate.

The graphene/Ge(110) wafer is cut into 1 x 1 cm slice after growth process, and then
poly(methyl methacrylate) (PMMA, 4%) solution is spin-coated on the slice with a
rotational speed of 4000 r/min. Afterwards, the graphene/Ge(110) slice is placed on a
hot plate at 130°C for 8 min, followed by etching away the Ge substrate using a
mixture of DI water: H,O,: HF = 10 : 1 : 1. After corrosion, the graphene/PMMA
film is fished out with hydrophilic substrate and then placed in deionized water so as
to wash away the residual corrosion liquid. The film is then transferred on a SiO»/Si
substrate and after the graphene/PMMA film naturally adhered to the substrate
completely, the sample is heated at 75 °C for 10 min. Finally, the PMMA film is
dissolved in acetone and the residual solvent is washed with isopropanol (IPA).

Before Raman measurement, the sample is heated at 100 °C for 5 min to remove
the absorbed air and water. In Figure S2a, a typical Raman spectrum of the optical
image in inset shows a full width at half maximum (FWHM) of the 2D peak, [,p =
32.5 cm™, comparable to the reported values of the graphene grown on copper.l'! To
further estimate the crystal quality of the graphene transferred on SiO substrate, the
intensity ratios Ip/c for D peak and G peak and Lpi for 2D peak and G peak are
investigated in Figure S2b and Figure S2c respectively. In the area of 15 pm x 15 pum,
the average Ip/g values as low as ~0.025 are similar to those reported in single-crystal
CVD graphene grown on copper, implying few defects existing in graphene.!”
Meanwhile, due to the sensitivity of 2D peak intensity to charge doping, the substrate
and contamination-induced low DLp value (~2.1) is inevitable. Nonetheless, the
narrowly distributed Iop/g values also demonstrate that the graphene grown on Ge(110)
substrate show satisfactory homogeneity.

In order to further probe the local strain of the graphene transferred onto SiO»
substrate, the hydrostatic strain ¢ is calculated fallowing the formula (1) as mentioned
in the main text. The corresponding spatially resolved mapping (inset) and its
histogram are plotted in Figure S2d. Despite weak D peak and the uniformity of I2p/a,

the random fluctuations of compress strain (inset) show strong non-uniformity.
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Overall, the strain in the whole area displays an average value of 0.18% and ranges
from -0.1% to 0.35%, which is much larger than the dry-assembled graphene
discussed in the main text. The appreciable random strain variations can be mostly
attributed to the wet-transfer method. Besides, the dangling bonds of the SiO:
substrate tend to induce non-negligible charge doping and form long-range potential
fluctuations. As a result, the transport of carriers will be seriously hindered, leading to

the degradation of mobility.

Figure S2. Raman Characteristics of the graphene transferred on SiO» Substrate. a) A
typical Raman spectrum of the as-transferred graphene using the wet etching
technique is shown in the optical image of the inset. b) Histogram and mapping of the
intensity ratio Ip/c of D peaks and G peaks. c¢) Histogram and spatially resolved
mapping of the intensity ratio Ipig of 2D peaks and G peaks. d) Histogram and

spatially resolved mapping of the strain.
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Supporting Section 3: The analysis of intensity ratio l2p/c of 2D peak and G peak
The Raman characterization of the hBN-encapsulated graphene in Figure 2 of the
main text is performed in the area of the red dashed box in Figure S3a. The
corresponding spatially resolved mapping and statistical histogram of intensity ratio
Lpic of 2D peak and G peak are illustrated in Figure S3b and Figure S3c respectively.
Because the intensity of 2D peak in graphene is susceptible to charge doping, while
higher Ip/g often represents smaller potential inhomogeneity and is conducive for
high-performance devices.’) In hBN-encapsulated graphene, the average value of
Ipig lies at 7.65 and only a small percentage of the Iop are less than 5. The lower
Iop/g can be attributed to the presence of contamination-induced bubbles between
graphene and hBN. In addition, the inherent wrinkles of graphene during the growth
process will survive in the dry-transfer process, thus contributing to a part of low ratio

of Lp/g.

Figure S3. Statistical analysis of Iop/g ratio of as-transferred graphene encapsulated
by hBN. a) The optical image of hBN/Graphene/hBN heterojunction. b) The mapping
of Dp/G corresponding to the red dashed box area in (a). ¢) Histogram of the Lp/gof

the heterojunction.
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Supporting Section 4: Extraction of the charge-carrier mobility by Drude model

As the most important parameter for electrical properties in graphene, the values of
the density-dependent mobilities in the main text are extracted by Drude model. The
concrete value of the mobility up is calculated from the equation up = o/ne, where

o 1is the conductance of the Hall device and e is the elementary charge. As a function
of the back-gate voltage Vg, the carrier density 7 is obtained from the linear fitting
through the Hall measurement as shown in Figure S4a, in which the linear
relationship is consistent with the formula n = C4(Vig — Vpirac)/e.¥) Here Cg is the

gate capacitance of Hall devices, Vpjrac 1S the Dirac point of the graphene and e is
the elementary charge.

It has been proved that a self-consistent Boltzmann model fits better with the
transport curve of four-terminal conductance o, especially at high carrier density.!*! In
this model, the nonlinear relationship is given by the following formula:

o~! = (neu +0dp) ™" + ps (S1)

Here p is the mobility, ps is the residual resistivity related to short-range
scattering effect and o, is the conductivity near the charge neutral point. The above
model often lead to a higher carrier mobility value at low carrier density.”!
Alternatively, the carrier mobilities u of graphene can also be estimated
conservatively by dealing with the o —n curve (nattier blue) near the Dirac point
according to linear fitting (red dotted line) as shown in Figure S4, where the
mobilities of electrons and holes are calculated as 8.3 x 10* cm*V-!s™! and 11.5 x 10*
cm?V-Is! respectively.!® From this method, the maximum mobility is higher than the

value as demonstrated in the main text.
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Figure S4. Linear fitting of conductance curve. a) Linear fitting of the carrier density

n at different back-gate voltage V},o obtained from Hall measurement. b) Linear

fitting to the conductance as function of the charge-carrier density n near the Dirac

point according to the Drude model. The mobilities of electrons and holes are
do . .
extracted from the formula: y = éﬁ, in which the accurate values for electrons and

holes are 8.3 x 10* cm?V-'s™! and 11.5 x 10* cm?*V-!s! respectively.

The relationship of four-terminal resistance R and back-gate voltage Vg of other

four Hall devices are plotted in Figure S5 and the corresponding carrier density
fluctuations n* are extracted in the inset of each diagram.[” Following the same
linear fitting procedure as Figure S4b, the specific electrical parameters (i.e. the
mobilities u of electrons and holes, the carrier density fluctuations n*) of all five
devices at 2.3 K are extracted and summarized in Figure S6.

In summary, all devices exhibit small carrier density fluctuations n* less than 10!
cm™ and the drastically reduced potential fluctuations result in high mobilities ranging
from 4.5 x 10*cm?V's! to 11.5 x 10* cm?*V-!s™!. The extremely high mobilities in
sandwiched graphene grown on Ge(110) provide an opportunity for the observation of

fractional quantum Hall effect (FQHE) as demonstrated in Figure S7.
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Figure S5. Four-terminal resistance R as a function of back-gate voltage Vg at 2.3 K
for other 4 devices (a-d) . The inset shows the disorder induced charge carrier density
fluctuations n* obtained by the corresponding R — Vg curve. Here, o is the

four-terminal conductance of the device.

Figure S6. The maximum mobility u (red) and carrier density fluctuations n* (light
blue) of 5 different devices at 2.3 K. The mobility are extracted from the linear fitting

near the Dirac point as illustrated in Figure S5b and the carrier density fluctuations n*
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(blue) is extracted as shown in the inset of the Figure S5.

Supporting Section 5: Observation of fractional quantum hall effect (FQHE)
At low carrier density, the electrons in half-integer quantum Hall regime are confined
in discrete Landau levels as demonstrated in Figure 4 in the main text. In this case, the

carriers in graphene can be treated as massless Dirac fermions and their Coulomb

interactions are negligible. When a higher back-gate voltage Vg (45 V) is applied,

the SdH oscillations of magnetoresistance Ryis gradually distorted under high
magnetic field and the Ry, — B curve in Figurer S7 cannot be well described by
formula (3) shown in the main text. In particular, more weak Hall plateaux and
corresponding oscillations of magnetoresistance occur between filling factors v = 14
and v = 18 as shown in the inset. The unexpected filling factors, v = 76/5, 111/7
and 17 (denoted as colored dotted line) arise from the splitting of Landau levels, in
which the composite quasiparticles (or composite fermions) are bound with magnetic
flux quanta and electrons, and thus manifest fractional electronic charge.’) The
emergence of the fractional quantum Hall states in hBN-encapsulated graphene can be
regarded as an signal of extremely high mobility. Limited by temperature (2.3 K) and
magnetic field (0 - 9 T), more details of fractional quantum Hall effect in sandwiched

graphene need to be explored under lower temperature and stronger magnetic field.



WILEY-VCH

Figure S7. Fractional quantum hall effect of sandwiched graphene. Inset: the

anomalous quantum hall plateaux occur between filling factor v = 14 andv = 18.
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