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ABSTRACT: The direct growth of graphene on an insulator plays a & _°% . Growth of Graphene Flakes

crucial role in various applications, such as optoelectronic devices, ooo0ee0® ® C
supercapacitors, sensors, and so on. However, how to synthesize large
area, homogeneous monolayer graphene with high quality remains a Si

primary challenge. How to evaluate the flake size of directly grown g
graphene from a macroscopic perspective is yet to be explored. Herein, a
full monolayer wafer-scale graphene film covering a silicon/silicon oxide
substrate was realized via atmospheric pressure chemical vapor
deposition under an optimized temperature, growth time, and methane
flow rate. Both the Raman mapping and AFM characterization confirm
that a homogeneous monolayer graphene was obtained (Lp/I; = 4.89,
FWHM,, = 19.08). The transfer-free graphene exhibited a Hall mobility
of 1864.6 cm®V~'-S™". Moreover, an empirical formula has been developed by applying the Monte Carlo method with the measured

D
results to reflect the dependence of the resistivity of the graphene film on its flake size distributions as p=%. This work is
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highly compatible with present semiconductor device processing techniques and is expected to be highly desirable for Si-based
graphene applications.

KEYWORDS: wafer scale, monolayer-graphene, metal-free catalyzed CVD, transfer-free, Si/SiO,, graphene-based electronics

B INTRODUCTION

Graphene, the most promising two-dimensional (2D) material,
possesses exceptional chemical, mechanical, and electronic

achieved using methane as a carbon precursor by Bi et al.”’
Few-to-monolayer graphene on TiO, chips was obtained using
a CH, precursor.”” Nanosized graphene grains were directly

properties, opening up extensive applications across various
fields."~* To date, controlled synthesis of graphene remains a
crucial step for realizing its diverse applications.” Among the
commonly used methods, including mechanical exfoliation,””
chemical vapor deposition (CVD),>” graphene oxide reduction
method,'”"" and epitaxial growth,'”"” the CVD method is the
one that perfectly balances effectivity, product quality, and
controllability.'*">  Atmospheric pressure chemical vapor
deposition (APCVD) is the most promising route to readily
synthesize high-quality, low-cost graphene.'® APCVD has
realized large-area (meter-sized),'” high-quality (single-
layer),'® and highly controllable graphene on metal sub-
strates.'”*° Meanwhile, graphene on metallic substrates must
be transferred onto dielectric substrates to be used electroni-
cally, which inevitably introduces defects and contaminations
to graphene films, consequently deteriorating the perform-
ance.””” Hence, direct growth of graphene on dielectric
substrates would be an ideal solution to overcome such
problems.””** Much effort has been devoted to the direct
growth of graphene on various dielectrics.””~>* For example,
the growth of few-layer graphene films on a SiO, substrate was
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synthesized on an ALO; substrate,”’ and vertically aligned
graphene nanosheets were directly grown on a Si substrate
using methane as a precursor.31 Among these substrates, Si/
SiO, is the most ideal substrate due to its low cost and high
compatibility to silicon-based circuits.””** However, the weak
catalytic ability of the substrate and the Stranski—Krastanov
(SK) growth mode®* can lead to poor thickness uniformity and
graphene quality with small flakes and low coverage.”” Till
date, the main challenges are the difficulties in exact layer
control, large size patch realization, and inhomogeneity of
grown graphene. Therefore, how to grow high coverage, high
quality, and uniform monolayer graphene is a main hurdle to
be overcome.

Received: May 10, 2023
Accepted: May 1S5, 2023

https://doi.org/10.1021/acsanm.3c01956
ACS Appl. Nano Mater. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mengying+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pinggen+Zou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhi+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruotong+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cao+Tang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuai+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yanqing+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lei+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lei+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsanm.3c01956&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c01956?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c01956?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c01956?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c01956?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c01956?fig=abs1&ref=pdf
www.acsanm.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsanm.3c01956?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsanm.org?ref=pdf
https://www.acsanm.org?ref=pdf

ACS Applied Nano Materials

www.acsanm.org

4.5

Raman shift(cm'1)

- 28
gﬁz 7586 760m” 2702.08cm™” (b) 2.19nN [}
ft 58ecm i
1170°C 40} FwHM,. 26
1
~ [1348.46¢cm’! " 2700.87¢m 351 ~
3 1596.53cm 1160, 1247
s o 301 S
= a
%' . , 2717.70cm"* a 122 S
_§ 1358.54cm 1602.11cm™’ A 1150, ~ 251 T
1 120 =
- 201 i
1
1351 34em g0 60em ! 270560em’ qqa0c| | e |
L L L L 10— s s 186
1000 1500 2000 2500 3000 3500 1140 1150 1160 1170

Temperature(C)

Figure 1. Characterization of graphene grown at different temperatures. (a) Raman spectra of graphene grown at different temperatures. (b) Lp/I
(black line) and FWHM,, (red line) at 1140, 1150, 1160, and 1170 °C. (c, d) AFM images and (e, f) SEM images of the morphology of the
samples grown at temperatures of 1150 °C (¢, e) and 1170 °C (d, f), respectively.

Herein, we present a scheme for direct growth of a wafer-
scale, monolayer graphene film on a Si/SiO, substrate using
the APCVD method. Under the optimal parameters, a single-
layer graphene (I,p/Ig = 4.89, FWHM,, = 19.08) that is fully
covered on a Si/SiO, substrate was realized with a measured
Hall mobility of 1864.6 cm®V~'-S™". Moreover, an empirical
formula is composed through the combination of experimental
results and Monte Carlo simulation, which can be used to
evaluate the flake size distribution of a graphene film through
its measured electric conductivity.

B RESULTS AND DISCUSSION

Growth of Graphene on Si/SiO, Substrates. Graphene
was grown directly on Si/SiO, substrates using methane as a
precursor under atmospheric pressure without introducing any
catalyst. Among them, a N-doped (resistivity p: 0.002—0.004
Q-cm) Si(100) with 285 nm SiO,-thick oxide layer substrate
was purchased from Suzhou Yancai Micro Nanotechnology
Co., Ltd. (Suzhou, China). The substrates (1.0 X 1.0 cm?®)
were ultrasonically cleaned in acetone and isopropanol for 10
min consecutively, then rinsed with deionized water, and dried
by N, flow. Subsequently, the substrates were placed in a
corundum boat inside the quartz tube of a tubing furnace and
heated to 1110—1170 °C temperature with mixed Ar and H,
flow (120/30 sccm). After the set temperature was reached, it
was maintained for 10 min both for eliminating the
contaminations and relaxing the substrates’ surface.”® Then,
methane was introduced. After the period of growth, the CH,
gas flow was stopped, and then the sample was cooled to 400
°C at a rate of 17 °C-min~" to avoid oxidation and then cooled
naturally to room temperature.”> The temperature controlling
curve is shown in Figure S1. The entire process includes four
main steps: heating, annealing, graphene growth, and cooling.

As the most important parameters, temperature, time, and
methane flow rate were systematically studied.

Effect of Growth Temperature on Graphene Quality.
To investigate the influence of growth temperature on the
quality of graphene, the growth time and methane flow rate
were fixed at 240 min and 1.5 sccm, respectively. The Raman
spectra of graphene under different temperatures were
analyzed in Figure la. The characteristic peaks mainly include
a D peak (1350 cm™'), G peak (1580 cm™), and 2D peak
(2700 cm™).*>*” The D peak is generally considered as the
consequence of disorder scattering, which represents defect
information of graphene samples.”® The G peak is caused by
the in-plane vibration of sp? carbon atoms and appears near
1580 cm™". The 2D peak is a result of the interlayer stacking
mode of carbon atoms in graphene, which reflects the layer
number, symmetry, and crystallinity of graphene.’” To
quantitatively estimate the crystallinity of graphene, the full
width at half maximum of 2D (FWHM,p,) and the ratio of the
2D and G peak intensity (I,p/I5) have been analyzed. As
shown in Figure 1b, the FWHM,, values shrink with
increasing temperature from 1140 to 1160 °C and then
increase again at 1170 °C (red line). The maximum Lp/I; =
4.12 appears at 1150 °C that implies the grown monolayer of
graphene at this temperature (denoted by T-1150).’® Mean-
while, the I,,/I; decrease with the increase in temperature
indicates the deterioration of graphene quality.’

Furthermore, when the growth temperature was set to 1140
°C, the grown sample appears as a few randomly distributed 2
nm-thick small yellowish bright spots, as shown in Figure S2a
in the Supporting Information, which was further verified by
the SEM image in Figure S2b. This indicates that the primary
flakes experience coalescence and expansion, but no con-
tinuous film forms at this temperature.””*' When the
temperature increased to 1150 °C, as shown in Figure Ic,
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Figure 2. Characterization of the graphene grown with different methane flow rates. (a) Raman spectra of graphene grown with different methane
flow rates. (b) Measured dependence of the I/I; (black line) and FWHM,, (red line) on the methane flow rate. (c, d) AFM images of graphene
(scan region of 10 ym X 10 ym) grown with methane flow rates of 1.5 and 1.6 sccm, respectively.
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Figure 3. Characterization of the graphene with different growth times. (a) Raman spectra of graphene with different growth times. (b) Measured
dependence of the I,/I; (black line) and FWHM,, (red line) on different growth times. (c, d) AFM images of graphene (scan region of 10 gm X
10 pm) with growth times of 326 and 330 min, respectively.

almost no visible bright spots exist in the lateral force demonstrates the formation of uniform and continuous
microscopy (LFM) image, which coincides with the measured graphene at this temperature.*”*’ Figure S2c exhibits the
excellent uniformity in the SEM image (Figure le). It AFM result of the sample grown at 1160 °C, where the white
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Figure 4. Characterization of graphene under the optimal growth parameters. (a) Five representative positions I to V were selected on grown
graphene on Si/SiO,. (b) One representative Raman spectrum measured on the sample. (c) L,/I; mapping of the SO ym X 50 ym region in which
more than 99.60% of the region has I,p/I > 3. (d) Ip/Ig mapping of the sample area in which more than 99.68% of the area has measured I,/I <

LS.

spots have a size and thickness of 0.1—0.15 ym and 3.8—4.1
nm, respectively. It is consistent with the measured dark gray
spots on the surface of the sample in the corresponding SEM
image (Figure S2d). A further increased temperature could
grow thicker graphene films and lead to the thermal damage of
the substrate. When the growth temperature increases up to
1170 °C, the surface of the grown sample becomes very
bumpy. This is reflected by the large fluctuation of the
measured surface profile using LFM, as shown in Figure 1d,
and part of them can even be up to 5.3 nm. As shown in Figure
1f, the same results are exhibited in the SEM image as cracks
and large thick flakes. The formation of cracks is mainly due to
the different thermal expansion coefficients of the substrate
and graphene where the dark gray circles are the domains
formed by secondary nucleation.*”** A small peak at 1440
cm™ is the third-order Raman peak of the TO mode of the
Si—Si bond in amorphous silicon (480 cm™").*>*

Effect of Methane Flow Rate on Graphene Quality. As
shown in Figure 2a, when the methane flow rate is 1.4 sccm,
the featured Raman signals of graphene are weak. From Figure
2b, the high I/I; (ratio between the intensity of the D peak
and G peak) reveals the high defect density of grown graphene.
For a methane flow rate of 1.5 sccm, a distinct and narrow 2D
peak appears with Iy/I; = 123 and FWHM,, = 17.77,
indicating the formation of single-layer graphene. Further AFM
imaging, shown in Figure 2¢, displays its rather high uniformity
with only minute secondary nucleation.””** With a flow rate of
1.6 sccm, the grown graphene has a blue-shifted 2D peak and
Iy/Ig = 1.25, which indicates the formation of more than one
layer of graphene.” It coincides with the AFM measurement
shown in Figure 2d, where several large-area islands with a
height in the range of 3—4 nm appear. Moreover, with CH,

flow up to 1.6S sccm, the increased D peak (Ip/Ig = 1.52) and
broadened 2D peak (21.44 cm™') indicate the growth of
multilayer graphene.” All samples are grown at a temperature
of 1150 °C, and the growth time was set at 240 min in this
section. The related AFM images at varying methane flow rates
are displayed in Figure SS5. More Raman measurements of
samples grown at different methane flow rates can be found in
Figure S6 of the Supporting Information.

Effect of Growth Time on Graphene Quality. Growth
time is one of the key elements to determine the final number
of grown graphene layers. As shown in Figure 3a, the intense D
peak indicates the high defect density of grown graphene when
the growth time was 280 min, which can be attributed to the
highly exposed edges of graphene flakes.””* Tt is also
confirmed by the AFM image shown in Figure S7a. When
the growth time was increased to 300 min, although the
intensity of G and 2D peaks did not change much, the intensity
of the D peak shows an observable decrease in the measured
Raman spectrum (Figure 3b). This can be attributed to the
size increase of graphene flakes, consequently resulting in the
lower amount of edge portion in total.***® It is also reflected in
the measured AFM image of Figure S7b. After further
extending the growth time to 323 min, the intensity of the
2D peak increases, the I/I; decreases from 1.48 to 1.31, and
the FWHM,, shrinks from 21.21 cm™ (300 min) to 19.24
ecm™ (323 min), hinting the improvement of graphene
crystallinity.”” The graphene film with the highest quality
was obtained with a growth time of 326 min, where the
measured Raman spectra show the minimum I/I; = 1.18,
FWHM,p, = 19.08 cm™, and Lp/I; = 4.89. As demonstrated
in the AFM image in Figure 3c, the grown graphene is very
uniform. The Raman mapping of all randomly chosen 50 pm X
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Figure S. Schematic illustration of the graphene growth mechanism on Si/SiO,. (a) Formation of silicon dangling bonds and decomposition of the
carbon precursor. Hydrogen atoms, carbon atoms, oxygen atoms, and silicon atoms are in colors green, black, blue, and purple, respectively. (b)
Reaction between the CH; molecule and the edge of graphene. The carbon atoms in CH; and the graphene on the edges are in colors yellow and
red to be distinguished clearly, respectively. (c) Graphene growth from small nucleation points that eventually cover the entire substrate.
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Figure 6. Electrical characterization of grown graphene. (a) Image of the Hall bar and electrodes. The inset is a close-up of the actual Hall bar that
has a width W = S ym and length I = 30 um. (b) AFM image of the Hall bar, where the inset shows the height of graphene d = 0.396 nm. (c) I-V,,
curve of the Hall bar. (d) Hall voltage V}; measured at different magnetic fields B (0, 579.5S, 976.45, 1431.75, and 1791.50 G) and I, = 0.5, 1, 1.5,

and 2 pA.

50 um areas shows a narrow FWHM,, about 20 cm™ and L/
I more than 3, as shown in Figure 4c. Again, it confirms the
highly uniform monolayer nature of the grown graphene.
However, when the growth time was prolonged to 330 min
and more, the intensity of the D peak starts to rise, indicating
the increase in defects. The broadening of the 2D peak
indicates the increase in graphene layers,’® which are
demonstrated as the bright large circular areas in the AFM
image with the height of 6—10 nm. With a further increase in
growth time, the size of multiple layer areas continues to grow
(Figure 3d), and more measurements are presented in Figure
S8. It is worth noting that the actual transition window from
single-layer to multiple-layer growth is less than 10 min, which

could be analogous to the commonly observed phase transition
in physical world. Therefore, the fully single-layer covered state
can be considered as one phase and the multiple layers covered
as another phase, while this transition happens on the time
axis.

In summary, when growth parameters are Tyo, = 1150 °C,
torowth time = 326 min, and P hene flow = 1.5 scem, a highly
uniform single-layer graphene film fully covered on the Si/SiO,
surface was realized without any metal catalyst.

Mechanism of Graphene Synthesis on Si/SiO,
Substrates. As shown in Figure Sa, under the hydrogen
atmosphere at certain temperature, the silicon oxide starts to
decompose and form free dangling silicon bonds.”>*' The
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introduced methane molecules tend to adsorb to the clean
silicon surface to break into carbon radicals.”> Since the
strength of silicon dangling bonds is relatively weak compared
to average stable chemical bonds, carbon radicals cannot
anchor but only diffuse over short distances.”” Due to the 5.90
eV reaction barrier between methane and the graphene edge,
methane is not an ideal direct feedstock for graphene growth.>?
Meanwhile, CH; exhibits high reactivity due to the existence of
an unsaturated bond and opt to adsorb on the surface through
dangling bonds.”*** In fact, CH; acts as the dominant carbon
species, supplying carbon for graphene growth and removing
excess H atoms from the edge of graphene (Figure 5b).>* The
CH,; molecule reacts with carbon atoms to form new carbon
rings that facilitate the formation of graphene. The growth
process starts from small nucleating points that expand and
coalesce, eventually forming continuous films with larger flake
sizes (Figure 5¢).°° The XPS analyses of graphene and Si/SiO,
substrates are presented in Figures S9—S12 of the Supporting
Information.

Electric Characterization of the Grown Graphene
Film. The grown graphene was directly patterned for Hall
mobility testing. A permanent tablet magnet provides an
external magnetic field. To ensure the uniformity of the
penetration field through the sample, the size of the magnet
must be large enough and the sample must be centered on the
top of the magnet. The field was adjusted through changing
the distance between the sample and the magnet by shimming
and measured by a well-calibrated Gauss meter (Coliy
Technology G201). The Hall coefficient can be extracted

from Ry = ‘%j, where Vy is the Hall voltage (V), d is the

thickness (m), I, is the current (A), and B is the magnetic
induction intensity (T). The sample thickness was measured
using AFM. Mobility was calculated by the definition of

R . P .
U= 7“, where p,, is the resistivity. It was obtained from the

RS
1
sectional area, and [ is the channel length (Figure 6a). Here,
the channel width W = § ym, length [ = 30 ym, and d = 0.396

nm (Figure 6b). The resistance is calculated as
R, == = 6932.66 Q. The resistivity p, = 4.58 X 107 Q-

x T
m (Figure 6¢). With I, = 0.5, 1, 1.5, and 2 uA, the Hall voltages
were measured with the magnetic fields, as shown in Figure 6d;
therefore, Ryy; = 9.77 X 1078 m®/C, Ry, = 9.62 X 107* m®/C,
Ry; = 8.84 X 1078 m®/C, and Ry, = 8.54 X 107% m?/C,
respectively, and the calculated Hall mobilities are y; = 2133.2
em* VST 4, = 21004 cm®VTLSTY 4y = 19301 cm? VL
S7!, and p, = 1864.6 cm®>V~"-S7!, respectively.

Assuming that all graphene flakes are single crystals, when
current run through a graphene flake forming a continuous
film, the flake distribution determines the number of
boundaries, and therefore, the scattering rate of charge carriers
will be experienced.”’ >’ Smaller flake-assembled films will
have more boundaries than the one composed of larger flakes.
Hence, more scattering occurs when charge carriers run
through the same distance, consequently exhibiting a higher
resistivity. To get a better understanding of the relation
between the size distribution of graphene flakes and the
macroscopic resistance of the continuous film what it made of,
a simple classic model was proposed by assuming that there is
a constant momentum loss each time when a charge carrier
crosses the boundary. Numerical simulations have been

formula p = —=, where R,, is the resistance, S is the cross-

conducted through Monte Carlo (MC) and Voronoi
methods.®”®" Table 1 summarizes the average flake areas,
scattering times, and variances from the average area for the
four different size distributions.

Table 1. Distribution of Scattering Rate and Flake Area
Variance 6 (A,,0,)"

dependent variable

dnin Appean (nm?) scattering times o (A)
0.2d 405.5769 132.6801 214.1587
0.4d 404.2293 131.1569 171.266
0.6d 404.0073 131.4087 109.6981
0.8d 404.8574 128.2088 62.0257

“d . is the minimum distance between crystal nuclei points, d is the
average flake size. 10,000 flakes are sampled. The flake size d is
defined as the length on the longest dimension of the flake.

In Figure 7a—d, the graphene flakes with different d;, = 0.2,
0.4, 0.6, and 0.8d are presented. Through fitting the measured
resistivity of the graphene film with the flake size distribution

(Figure 7e), we obtained the relation between the film
)

1 0.4835
1-+(z)

, where pj is the resistivity of single-layer pristine graphene, k is
a constant equal to 5.82, and d is the average size of flake. The
fitted curve can be used to qualitatively predict the average size
of graphene flakes through its resistivity measurement (Figure
7f). The numbers of scattering almost show no dependence on
the flake uniformity, and more detailed discussions and
simulation results can be found in the Supporting Information.

resistivity and the average graphene flake size as p=

B CONCLUSIONS

In summary, we have successfully realized the direct growth of
single-layer graphene fully covering a centimeter-scale Si/SiO,
substrate without introducing any external catalyst. Its high
quality was confirmed by the Raman results with I,,/I; = 4.89
and FWHM,, = 19.08 and the measured 1864.6 cm*V .87}
Hall mobility as well as the extremely high uniformity reflected
both in the AFM and SEM imaging. In addition, a model was
built that can simply extract flake size information through its
electric resistivity measurement. These results provide vital
information for direct growing high-quality graphene on
dielectric substrates without metallic catalysts, which could
be significant to the graphene-based electronic industry in the
future.

B EXPERIMENTAL SECTION

Characterization of Graphene. The morphology of samples was
characterized using an Optical Microscope (WY-2000M), scanning
electron microscope (Hitachi SU3500) with 15 kV beam energy, and
atomic force microscope (Park NX10) in contact mode. A Raman
confocal spectrometer (532 nm laser excitation, 100X objective lens,
laser power S mW) was used to measure the quality and featured
peaks of graphene. XPS measurements were carried out using a
Perkin-Elmer, PHI 5100 with Al Ka line.

Preparation of Hall Bar and Its Performance Test. The
fabrication of hall bar is shown in Figure S16. Patterning of graphene
was carried out directly on the grown graphene on the Si/SiO,
substrate. The effect of high temperature on the SiO, dielectric layer
is also considered in Figure S17. Reactive ion etching (RIE) with
oxygen plasma was used to remove excess graphene and residual
photoresist. The etching was performed in a RIE system (Model 150,
Tailong Electronics, Beijing, China) with an RF power of 35 W and
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Figure 7. Flake size distribution and its corresponding resistivity. (a—d) Distribution of flake sizes. (e) Relation between the flake number and
scattering rate, where the black dots are the simulated scattering rate using the MC method and the red line is the fitting result. (f) Relation
between the average flake size and resistivity. The red line represents the fitting results, and black dots represent the experimental results.

an O, flow of S0 sccm for 30 s. Subsequently, the samples were
immersed in acetone, isopropanol, and deionized water sequentially to
remove the photoresist. The next step is to prepare source and drain
electrodes by depositing 20 nm/10 nm-thick Cr/Au with a rate of 0.3
A-s7'/0.1 A's™" using an electron beam evaporator and consecutively
followed by a lift-off procedure in acetone. Hall mobility and sheet
resistance were measured using a four-probe method through a
cryogenic probe station (Lakeshore TTPX) with two source meters
(Keithley 2450) at room temperature.
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