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Abstract

After the discovery of mechanically exfoliated graphene, there is an unprecedented increase in 

research on ultra-thin two-dimensional (2D) nanomaterials in the fields of nanotechnology, physics, 

chemistry, condensate physics, materials science, and biological sciences. Nowadays, a number of new 

2D nanomaterials are discovered and widely studied, such as metal oxides, hexagonal boron nitride, 

transition metal dichalcogenides, 2D covalent organic frameworks, 2D metal-organic frameworks, 

black phosphorene, carbon nitride, and silicene. Among them, 2D metal oxides have unique structural 

properties because of their numerous low-coordinated surface dangling bonds and noticeable lattice 

structural distortion. 2D metal oxides also exhibit unique electric, mechanic, and catalytic performance 

owing to their ultrahigh surface-to-volume ratio and quantum confinement effects. Nowadays, there has 

been increasing studies that focus on 2D metal oxides, offering unprecedented opportunities in a variety 

of applications. However, the synthesis of 2D metal oxide nanosheets in a common and easy way is still 

a big challenge.

This work mainly focused on atomically thin semiconducting metal oxide on graphene carries unique 

combination of adjustable band gaps, high charge carrier mobility, and optical transparency, which can 

be widely applied for opto-electronics, supercapacitors, rechargeable batteries and catalysis. But, study 

on the epitaxial formation and properties of metal oxide monolayer on 2D carbon layer remains 

unexplored due to hydrophobic 2D carbon surface and limits of conventional bulk deposition technique. 

Here, we report atomic scale study of heteroepitaxial growth and relationship of a single-atom-thick 

ZnO layer on graphene using atomic layer deposition. Among the metal oxide, we selected ZnO 

semiconductor as forms of epitaxial growth on 2D carbon substrate. Also, we demonstrate atom-by-

atom growth of zinc and oxygen at the preferential zigzag edge of a ZnO monolayer on graphene 

through in situ observation. We experimentally determine that the thinnest ZnO monolayer has a wide 

band gap (up to 4.0 eV), due to quantum confinement and graphene-like structure, and high optical 

transparency. This study can lead to a new class of atomically thin two-dimensional heterostructures of 

semiconducting oxides formed by highly controlled epitaxial growth.
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Figure 1. (a) Schematic illustration of the spherical aberration of a converging lens.23 (b) Spherical 
aberration is compensated by combining the converging lens with a suitable diverging lens.23

Figure 2. The relationship between the classic energy diagram of a metal atom (left) and the density of 
the filled and empty states in the conduction/valence band (right).40

Figure 3. Schematic representation of the redistribution of the incoming beam energy along an 
irradiated amorphous specimen.41 Most of the energy input is used to excite the atoms of the specimen 
and only a small fraction gets stored in the form of defects.41 The atoms in stimulated specimen 
rearrange until they adopt a crystalline configuration as the specimen decays into a lower energy state 
(lower than the original amorphous state).41

Figure 4. (a) to (c) Graphene sheets irradiated at different current densities. (a) Low irradiation dose 
(1.25 × 108 e nm−2), (b) moderate dose (2.94 × 109e nm−2) and (c) high dose (9.36 × 109 e nm−2).41 The 
specimen irradiated at a higher dose shows a higher degree of beam-induced disordering (amorphization)
as it can be noticed by observing the blurred-out Fourier transformation pattern on the inset.41 (d) A 
small pore on a single-layer grapheme sheet is highlighted in red.59 A Fe cluster is seen right below the 
pore. (e) After 3 s of irradiation, the atoms of the Fe cluster have moved onto the pore forming an 
atomic-thick free-standing that completely covers the perforation.59 (f ) A ZnO nanocrystalline sits on 
top of a grapheme flake.1 (g) The ZnO crystallite has rearranged into a flat single-sheet ZnO layer with 
an hexagonal configuration.1

Figure 5. Strategies for the synthesis of 2D metal oxide nanosheets.17 Top) Schematic illustration of a 
typical top-down routine together with microscopy images of the synthesized 2D Cr2O3, ZrO2, Al2O3, 
and Y2O3 nanosheets; Bottom) schematic illustration of a typical bottom-up synthesis routine together 
with microscopy images of 2D TiO2, ZnO, Co3O4, and WO3.17

[Chapter 3]

Figure 1. ZnO monolayer on pristine and UV/Ozone-treated graphene. (a) Atomic resolution image of 
ZnO nanoclusters on pristine graphene. The inset in the upper right corner shows the Fourier transform 
of the image. (b) Atomic resolution image of ZnO nucleation on a graphene substrate after 180 s of 
UV/Ozone treatment. The inset in the upper right corner shows the Fourier transform of the image. The 
scale bar is 2 nm.

Figure 2. ZnO monolayer on pristine and UV/Ozone-treated graphene. (a) The Raman spectra of 
UV/Ozone-treated graphene after different treatment times. (b) XPS spectra of the UV/Ozone-treated 
graphene after different treatment times. (c) Current–gate voltage curves of the graphene for different 
UV/Ozone treatment times. The inset in the upper corner shows the contact angle to the graphene 
substrate treated to UV/Ozone from 0 to 180 s. (d) Mobility-carrier concentration curves of the graphene 
for varying UV/Ozone treatment time.

Figure 3. Time-elapsed ARTEM images showing ZnO monolayer growth behavior under electron beam 
irradiation. (a) ZnO monomer is adsorbed onto the graphene substrate. (b) ZnO becomes amorphous. 
(c) ZnO forms clusters; unstable clusters are desorbed. (d) The ZnO cluster has periodic atomic 
arrangement for epitaxial growth on graphene. The scale bar is 1 nm.

Figure 4. Time-elapsed ARTEM images show the growth process of ZnO monolayer on graphene 
monolayer. The scale bar is 2 nm.
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Figure 5. (a) ARTEM image of monolayer ZnO misoriented by 10° with respect to graphene substrate. 

(b) Fourier transform of the image (a). Scale bar is 1 nm.

Figure 6. Heteroepitaxial relationship of the ZnO monolayer on graphene analyzed through aberration-
corrected TEM. (a) Atomic resolution image of ZnO misoriented by 30° on graphene. The inset in the 
upper right corner shows the Fourier transform of the image. (b) Atomic resolution image of ZnO 
misoriented by 0°. The inset in the upper right corner shows the Fourier transform of the image. 
Triangular moiré patterns are repeatedly observed every 2 nm. The scale bars indicate 1 nm.

Figure 7. (a) Atomic model of ZnO/Graphene rotated by 30°. (b) Diffractogram pattern obtained 
through Fourier transform of the atomic model (a). (c) Atomic model of ZnO/Graphene rotated by 0°. 
The overlaid triangle shows unit moiré pattern. (d) Diffractogram pattern obtained through Fourier 
transform of the atomic model (c).

Figure 8. Heteroepitaxial relation of monolayer ZnO on monolayer graphene analyzed by using 
aberration corrected TEM. (a) Histogram of misorientation angles of ZnO on graphene and calculated 
binding energy. (b) Raw image of Figure 5a. (c) Image simulation result of monolayer ZnO on 
monolayer graphene. (d) Normalized intensity profiles acquired from the image simulation (black line) 
and experimental image (red line), corresponding to marked profiles in red dashed lines in (b) and (c). 
Scale bars indicate 1nm.

Figure 9. The optimized structure of hexagonal (a), oxygen-terminated (b) and zinc-terminated (c) 
triangular ZnO nanoclusters on graphene (See the Model Systems below for more information). The 
red and blue spheres represent oxygen and zinc atoms, respectively, and gray-stick honeycomb network 
represents graphene. (d) The adhesion energy between three types of ZnO nanoclusters and graphene 
vs the misorientation angle (q).

Figure 10. Lateral growth of the ZnO monolayer along the zigzag edges. (a) Raw image of Figure 10 
(a) at final step 7. (b) Intensity profile acquired from the experimental image (red line). (c) Image 
simulation of Figure 10 (a) at final step 7. (d) Intensity profile acquired from the image simulation (blue 
line). The scale bar is 1 nm.

Figure 11. The top view of atomic configuration of each lateral growth step of oxygen- and zinc-
terminated zigzag edge models and armchair edge model, respectively. Note that each edge model 
consists of equal numbers of carbon, zinc, and oxygen atoms. The red, blue, burgundy, and navy spheres 
represent oxygen atoms, zinc atoms, oxygen adatom, and zinc adatom, respectively, and gray-stick 
honeycomb network represents graphene.

Figure 12. (a) Top view of atomic configuration of each growth step of normal and parallel to the 
growth front direction. Red, blue, burgundy, and navy spheres represent oxygen atoms, zinc atoms, 
oxygen adatom, and zinc adatom, respectively, and gray-stick honeycomb network represents graphene. 
(b) Formation energy of ZnO growth in normal and parallel to the growth front direction at oxygen 
terminated zigzag edges. The inset figure shows that the red arrow is normal to the growth front 
direction and the red arrow is parallel to the growth front of direction.

Figure 13. Lateral growth of the ZnO monolayer along the zigzag edges. (a) Raw image of Figure 10 
(a) at final step 7. (b) Intensity profile acquired from the experimental image (red line). (c) Image 
simulation of Figure 10 (a) at final step 7. (d) Intensity profile acquired from the image simulation (blue 
line). The scale bar is 1 nm.

Figure 14. The top and side views of the optimized structure of periodic ZnO on graphene. (a) 4 × 4 
supercell of hexagonal unit cell graphene is matched with a 3 × 3 supercell of ZnO monolayer, where 
the lattice mismatch is 0.59%. (b) The interlayer distance between ZnO monolayer and graphene is 
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3.556 Å. The red and blue spheres represent oxygen and zinc atoms, respectively, and gray-stick 
honeycomb network represents graphene.

Figure 15. Electronic and optical properties of ZnO deposited with different ALD cycles on UV/Ozone 
treated graphene. (a) The STEM-EELS spectra of ZnO deposited with different ALD cycles on 
UV/Ozone-treated graphene. The extrapolation lines (dashed lines) indicate the band gap (Eg) values 
4.0, 3.71, and 3.25 eV. Each curve is scaled differently. (b) Optical transmittance measurement of ZnO 
deposited with different ALD cycles on graphene. (c–e) Bright-field images of suspended UV/Ozone-
treated graphene after 10, 20, and 200 cycles of ZnO ALD growth. The scale bar is 200 nm. (f–h) 
ARTEM images of 10, 20, and 200 cycles of ZnO ALD growth on the UV/Ozone-treated graphene 
substrate. The insets in the upper right corner show the electron diffraction patterns of the imaging 
regions (f–h). The scale bar is 1 nm.

Figure 16. (αhv)2 versus photon energy of ZnO deposited on graphene by using ALD method. The 
extrapolation lines (dashed lines) indicate optical bandgaps (Eg) of 4.03, 3.78 and 3.22 eV for (a) 10 
cycle, (b) 20 cycle and (c) 200 cycles.

Figure 17. Raman spectroscopy of UV/Ozone-treated CVD graphene on the SiO2/Si substrate, 20 and 
200 ZnO ALD cycles.

Figure 18. X-ray diffraction patterns of 20 and 200 ZnO ALD cycles on UV/Ozone-treated CVD 
graphene on the SiO2/Si substrate.

Figure 19. XPS spectra of UV/Ozone-treated CVD graphene on the SiO2/Si substrate with 20 and 200 
ZnO ALD cycles. (a) Zn 2p and (b) O 1s.

Figure 20. Comparison of EEL spectra of a ZnO monolayer and ZnO multilayer. (a) Atomic resolution 
TEM image of ZnO on graphene. (b) STEM HAADF image of ZnO on graphene. (c) EEL spectrum
obtained from the red circle in (b) of show oxygen K-edge and zinc L-edge of the ZnO monolayer on 
graphene. The inset figure shows the carbon K-edge from graphene. (d) EEL spectrum obtained from 
the blue circle in (b) of oxygen K-edge and zinc L-edge of the multilayer ZnO on graphene. Scale bars 
indicate 5 nm.

Figure 21. Scanning electron microscope images of UV/Ozone-treated CVD graphene on SiO2/Si 
substrate. (a) SEM image of UV/Ozone-treated graphene on a SiO2/Si substrate after 20 ALD cycles of 
ZnO deposition. (b) SEM image of UV/Ozone oxidized graphene on a SiO2/Si substrate after 200 ALD 
cycles of ZnO deposition. The scale bar is 200 nm.

Figure 22. TOF-SIMS mapping images and depth profiles of UV/Ozone oxidized CVD graphene on 
SiO2/Si substrate, 20 (a & d), 100 (b & e) and 200 (c & f) ZnO ALD cycles.

[Chapter 4]

Figure 1. Graphene synthesized at 850°C for 12 s at plasma powers of 0, 50, and 200 W under an 
Ar/H2/CH4 gas mixture. (a)–(c) show SEM images of graphene domains synthesized at 850°C for 12 s 
at plasma powers of 0, 50, and 200 W under an Ar/H2/CH4 gas mixture. Scale bar is 5 μm. (d) Domain 
size of graphene as a function of plasma powers of 0–300 W. (h) Raman spectra of graphene synthesized 
for 12 s at various plasma powers of 0, 50, and 200 W.

Figure 2. (a) Domain size of graphene and (b) Graphene coverage on copper foil as a function of growth 
time and plasma powers of 0, 50, and 200 W.

Figure 3. Graphene synthesized at 850°C for 60 min at plasma powers of 0, 50, and 200 W with an 
Ar/H2/CH4 gas mixture: (a) SEM image of graphene on copper foil synthesized at 850°C in 60 min as 
a function of plasma powers of 0, 50, and 200 W. Scale bars indicate 20 μm. (b) Raman spectra of 
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graphene films on SiO2/Si substrates, where the films were grown for 60 min at various plasma powers. 
(c) Intensity ratios of the D and 2D peaks to the G peak. (d) FWHM of a 2D band obtained from the 
single-Lorentzian fit.

Figure 4. TEM images of graphene on copper foil synthesized at 850°C in 60 min under Ar/H2/CH4

conditions and plasma powers of 0, 50, and 200 W. (a)–(c) Grain-boundary map with an overlaid 
background of the graphene TEM image of the samples deposited at plasma powers of 0, 50, and 200 
W, respectively. The yellow box represents dark-field image regions in Fig. 3(d)–(f). Scale bars indicate 
5 μm. (d)–(f) Dark-field TEM images of graphene taken from areas 1 to 2. The inset at the bottom-left 
corner shows the diffraction pattern of the image. Scale bars indicate 200 nm. (g)–(i) ARTEM images 
of graphene deposited with plasma powers of 0, 50, and 200 W, respectively. Scale bars indicate 1 nm.

Figure 5. (a) Current gate voltage curves of the graphene films synthesized in 60 min as a function of 
plasma powers of 50 and 200 W. (b) Mobility–carrier concentration curves of graphene films as a 
function of plasma powers of 50 and 200 W. The inset at the upper corner shows an optical image of a 
10-μm-long channel of an FET device using Au/Cr electrodes. Scale bar is 50 μm.
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Chapter 1: Introduction

Metal oxide semiconductors are attractive class of materials with outstanding chemical, electrical1, 

and physical properties. Metal oxide semiconductors are broadly used in magnetic and electronic 

devices and other applications1. The focus of this study is two-dimensional (2D) metal oxide 

semiconductors. 2D metal oxides semiconductors present clear differences compared with those having 

three-dimensional (3D) structures2. The 2D transition metal oxides appear as single-layered structures, 

multi-layered structures, and 3D superlattice structures of different transition metal oxides2. 2D metal 

oxide semiconductors have a unique chemical structure. The distinctive personality of the oxygen ion 

is the key point in creating outstanding properties on a 2D metal oxide surface, and for layered and 2D 

transition metal oxides, such surface properties dominate the material’s performance3-4.

Furthermore, heteroepitaxial growth of 2D metal oxide semiconductors on 2D carbon-layered 

nanomaterials by combining high charge carrier mobility and wide band gap has become a new 

synergetic way to fabricate optoelectronic and flexible5-7 electronic devices. The heteroepitaxial growth 

of 2D metal oxides into reasonably well-designed architectures8, such as ZnO9, TiO2
10, Co3O4

11, WO3
12, 

CuO13, MoO3
14, NiO15, Rh2O3

16, and SnO17, is performed by various deposition methods, including 

“bottom-up” and “top-down” approaches. These rationally designed graphene like 2D sheet metal 

oxides generally have better interaction interfaces with recovered in-plane carrier-transport kinetics and 

interplane ion transport and recovered electrolytes than the equivalent 3D materials, and thus 

significantly improve the storage behavior of Na+, Li+, and other ions8. Additionally, the graphene-like 

2D layer structure of metal oxides offers a large specific surface area, facilitating the creation of an 

enlarged number of active sites, achievement of a uniform charge distribution, and acceleration of the

insertion-extraction or redox reaction rates8. However, these approaches still have various types of 

issues. In the case of “bottom-up” process, the lateral expansion of graphene-like 2D metal oxides is 

highly restricted because of unfavorable energetic kinetics. The trial and errors, thus, are particularly

noticeable for metal oxide semiconductors that are functionally all-around and especially important for 

photonics and electronics. The main issue in the case of “top-down” process is that appropriate and 

strongly layered materials are necessary because 2D templates are weakly stacked via weak van der 

Waals forces or atomic bonds.

2D substrates, such as graphene or graphene oxide, were selected in this study as they have brilliant 

electron beam transparency in TEM. Moreover, 2D carbon substrates can be architecturally well-suited 

with metal oxide materials having zinc blende, wurtzite, and diamond structures, such as ZnO9, TiO2
10, 

Co3O4
11, WO3

12, CuO13, MoO3
14, NiO15, Rh2O3

16, and SnO17. In addition, it is well-matched to fabricate 

superior epitaxial metal oxide semiconductors on carbon substrate heterostructures for various device 

applications. Epitaxially grown metal oxide semiconductors that have reduced concentration of lattice 

defects do not have contamination from the 2D carbon layer and thermal lattice mismatch. Metal oxides 
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have more stable bond configuration with 2D carbon substrates compared to conventional amorpous-

SiO2/Si substrates.

Among the heteroepitaxial growth of 2D metal oxide, ZnO semiconductor in the form of an epitaxial 

layer on 2D carbon has been widely utilized in innovative transparent electronic devices.18-21 ZnO has 

two types of crystal structures: hexagonal wurtzite and zinc blende type. The Hexagonal wurtzite type 

is the most commonly formed and thermodynamically stable structure. In comparison, the zinc blende 

structure is in the metastable state. Moreover, ZnO has a wide band gap energy of 3.3 eV at room 

temperature. On the contrary, by decreasing the thickness of ZnO film, a graphene-like structure can be 

produced. ZnO grown on graphene has various crystal formation. It is possible to control the shape of 

ZnO, depending on the growth method or the type of substrate. Furthermore, ZnO can achieve several 

applications by controlling their shapes, such as nanowires, nanowall, quantum dot, and thin films. ZnO

is used as a gas sensor, light-emitting diodes (LEDs), and transistors. Many researchers report on the 

heterostructures of ZnO and graphene by optimizing its shape, which can be used in many types of 

applications, such as UV photosensors, flexible devices, and LEDs.

The investigation on metal oxide nucleation and atomic scale growth is one of the most important topics 

in materials science. In this study, through in situ observation, we provide experimental evidence of 

atom-by-atom growth of oxygen and zinc at the zigzag edge of the ZnO monolayer on graphene using 

atomic resolution transmission electron microscopy (ARTEM). In situ observation systems are able to 

extract more crystallographic information from ZnO monolayer than out-of-date microscopy. The in 

situ tools are able to invalidate the vacuum-condition and size limitation of ARTEM. These results 

coincide with the calculation result showing that the formation energy of zigzag edge is more stable 

than that of armchair edge. Studying metal oxide nucleation and atomic scale growth is one of the most 

important topics in materials science.
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Chapter 2: Research background

2.1. Advanced transmission electron microscopy

2.1.1. Aberration corrected transmission electron microscopy

Observing atomic layer materials is a long-standing goal, and now we have developed a hot topic 

with the advent of science and technology. Nano and atomic scale deposition requires atomic resolution 

characterization of the results22-23. In recent years this goal has been considerable progress made by 

transmission electron microscopy in order to achieve the makes sense to do research into atomic

resolutions24. However, In the 1990s25-26, only the successful creation of a universal electronic lens 

aberration correction than the ARTEM In the process of developing into applied technology, we have 

developed materials science27-29 and condensed-matter physics. Aberration corrected TEM (ACTEM) 

makes by possible on the occupancy of the atom position be demonstrated, using the resolution electron 

energy loss spectroscopy (EELS) combining high resolution of energy and the spot allows for potential 

chemical bonding with the composition signal by atomic force microscopy. Maps the localized atoms 

in the electronic state. Generally, two types of aberrations are commonly included. First, it is geometric 

aberration such as chromatic aberration and spherical aberration that comes from electron energy 

dependence of magnetic field. The latest lens model can only be modified from the previous lens model.

An ideal converging lens imaged a point of an object to a corresponding point in the image due to 

aberration. Figure 1a shows the spherical aberration. The point spread increases with the angle that the 

actual lens's refracting power creates by the light rays entering the lens into the optical axis. As a result, 

scattering in the sample at high angles focuses a small distance in front of the Gaussian image plane 

defined by the low angle beam. The focal length of the electromagnetic lens can be easily changed by 

adjusting the current passing through the lens coil. This defocusing also induces point spreads and is 

treated as aberrations. Although these two represent the most important aberrations, there are more than 

just contributing to the angular distortion as well as the width of the point-spread disk28, 30-31. In 

particular, the spherical aberration of the converging lens is much too high for the high angle scattering 

beam is compensated by adding a compensating diverging lens in Figure 1b. This is accomplished by a 

conventional TEM and a dual hexapole system32-33 of a scanning TEM (STEM). Many advances in the 

field of EM have enabled atomic scale imaging about structure and defects in low dimensional materials.

The aberration-correction electro-optic hardware can significantly reduce the influence of the inherent 

spherical aberration of the electron lens, and a chromatic aberration corrector or monochromator can 

minimize the energy spreading the electron beam illumination for the sub Angstrom imaging34. The 

most important factor is the development of imaging with low acceleration voltages (60 and 80 kV, 

which significantly minimizes the damaging effect of the illumination electrons on the specimen35-36.

Furthermore, the electron-ion scattering cross sectional area increases as the voltage decreases and 

produces more contrast for a given dose. Finally, the electronic scintillator camera has a lower point 

spread function at a lower operating voltage, resulting in a sharper image.
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Figure 1. (a) Schematic illustration of the spherical aberration of a converging lens.23 (B) Spherical 

aberration is compensated by combining the converging lens with a suitable diverging lens.23
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2.1.2. Theory of high resolution imaging

In EM, electrons are focused using highly-concentrated magnetic fields formed between soft-iron pole 

pieces and generated by currents flowing through annular coils. In a basic TEM imaging array, the 

electron beam from the electron gun typically illuminates the specimen through the lens's illumination 

system. Radiation interacts with the sample and is scattered. The scattered radiation is focused by the 

objective lens, and the additional magnifier produces a convenient sized image. There are two important 

factors that determine the essential geometry of an imaging system. First, the wavelength of the 

electrons determines the range of scattering angles from the specimen. Second, the aberrations of the 

electron lens limit the angular range of scattered radiation that can make useful contributions to the 

image. Relative to other radiation of comparable wavelength or energy, electrons interact very strongly 

with matter.

Elastic scattering is of prime importance for high-resolution imaging37. To avoid serious complications, 

one must use a specimen thickness of the same order of magnitude as the mean free path for elastic 

scattering. For electrons, the scattering angles are small, so in traversing a thin specimen, the electron 

wave does not suffer a sideways displacement dependent on the potential distribution along a straight-

line path through the object. Thus, if the potential distribution in the object is represented by a function 

(xyz), a plane wave transmitted through the object in the z-direction suffers a phase change that is a 

function of the x,y-coordinates, proportional to the projection of the potential in the z-direction:

�(��) = ∫ �(���)��

The phase change of the electron wave, relative to a wave transmitted through a vacuum (�=0), is given 

by the product of �(xy) and an interaction constant �, which defines the strength of the interaction of 

electron waves with matter. Mathematically, the effect on an incident wave of the phase change is given 

by multiplying the incident-wave amplitude by a transmission function

�(��) = ���[−���(xy)]

This equation is called the phase-object the phase-object approximation (POA). Special preparation 

techniques are needed to produce specimens the required ~100 Å thickness, and the thickness limitation 

depends on the experimental conditions. For an ideally perfect lens, the image wave function likewise 

has a phase modulation but no amplitude modulation, so the image-intensity distribution is a constant 

where the image contrast is zero. To derive some information from the image concerning the object 

structure, we must use an imperfect lens (which means losing resolution), or resorting to the use of 

analogs of one of the phase-contrast-imaging schemes used for light optics38
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2.1.3. Electron energy loss spectroscopy

EELS relate to energy measurements applied to thin specimens through incident electron beams. There 

are several ways in which incident electrons can interact with a specimen to generate various 

characteristics in the energy loss spectrum. One of the most important energy loss processes that can be 

performed is atomic ionization, in which electrons are emitted from the inside or core of the specimen's 

shell. This process requires energies equal to or greater than the critical ionization energy, Ec, defined 

specifically for the core electrons as a function of specific atoms and specific electron shells. That is, at 

the energy loss level corresponding to Ec, a characteristic signal such as an ionization edge appears in 

the spectrum to confirm the presence of a specific element in the specimen. The edge intensity can be 

directly and quantitatively related to the amount of the element present. In addition to containing 

quantitative elemental information, the ionization edge has a small intensity variation just above the 

edge onset, called the energy-loss near-edge structure (ELNES)39. ELNES depends on the details of the 

local nuclear environment, such as coordination and combination types. Understanding the relationship 

between these microstructural measurements, the electronic structure, and the ultimate properties of 

materials can provide solutions to many important problems that could not be solved previously. This 

is especially true if the change in bond length occurs over a small range of lengths.

In the ionization process, the inner shell electrons are given enough energy to overcome the nuclear 

attraction and are excited by the unfilled energy level if the sample does not fully escape. These unfilled 

energy levels are a function of the overall electron distribution because of the manner in which atoms 

and their neighbors (that is, ionized atoms) are bonded to adjacent atoms. Thus, during the ionization, 

the atoms themselves are converted from the base state of the core shell into the excited state of the core 

shell with an empty state or hole and excited core electrons at the previously empty energy level. The 

possible energies that can be applied to the emitted electrons are controlled by the distribution of these 

unfilled states. Thus, the variations in intensity of the ELNES, which is the ionization edges, are directly 

related to the distribution of the unfilled electron state and can be interpreted as the bonding state of the 

ionized atoms.

Besides determining the basic ionization edge type, matrix terms have other important consequences. 

Generally, there is a possibility that the transition matrix element is not zero and only certain 

combinations of the initial state and final state are switched. Firstly, the matrix term is not zero; this is 

called the dipole selection rule, which means that ELNES is a subset of the entire DOS that is part of 

the appropriate angular momentum symmetry. Secondly, the integral equation involves the 

multiplication of the initial state and the final state, and this wave function is of significant size only if 

it is spatially redundant. The initial state is an atom of a state and the final state must have localized 

components at the same atomic site. For these reasons, the ELNES measures the site and is called a  

symmetrically planned DOS.39
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Figure 2. The relationship between the classic energy diagram of a metal atom (left) and the density of 

the filled and empty states in the conduction/valence band (right).40
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2.2. Electron beam-specimen interactions

Electron beams (EB) can produce substantial topological changes on TEM specimens41. This 

technology is probable to make extended features with atomic-scale in materials such as ZnO monolayer 

or 2D carbon materials with a high degree of control41. EB by TEM can substantial changes crystal 

structure at least three different methods41. EBs can do so changing the topology of materials and/or 

rearranging its atomic structure at a local or lateral level41. We report the accessible works on these 

three kinds of EB induced changes of 2D metal oxides in accurately the order listed above41.

2.2.1. Electron beam-induced crystallization

Many literatures are widely documented the crystallization of amorphous sample such as thin film, 

nanoparticle and nanoclusters by EB bombardment. Occasionally, the crystallization occurs locally over 

very tiny areas of the specimen. Sometimes, the crystalline areas quickly spread well beyond the 

irradiated spot; we called “explosive crystallization”. Regarding the “explosive crystallization”, the 

wide agreement is that is a phenomenon triggered by EB heating effects42 in spite of that the 

crystallization appears at a very fast speed which is uncharacteristic of thermal processes43. However, 

explosive crystallization can’t be controlled to make clear materials do to the explosive nature of the 

process. There is more conflict about the physical causes behind the formation of small crystalline 

domains on specimen irradiated by an EB probe. Some opinions on favor of EBs heating-induced 

crystallization have been put forward for irradiated oxide films44-47 and possibly for Zr films48. Instead, 

observations advocating for an a-thermal crystallization process of thin films are more numerous48-56.

In most cases, the drive mechanism behind the (re-) crystallization process can be subdivided into two 

categories depending on whether the energy of the main beam E0 is large enough to overcome the

displacement energy Ed of the irradiated material. If the Ed threshold can be reached, crystallization is 

due to the creation/recombination of point defects and improved atomic mobility.

In principle, high energy electrons are essential for causing crystallization through this elastic 

processes49-50, 53-54. If Ed can’t be reached, the crystallization mechanism breaks the a-c interfacial bonds 

that are formed "incorrectly" and reconstitutes the crystalline configuration48, 51, 55-56. Since the crystal 

threshold is lowered at the defect site, the crystallization process can be driven by an elastic energy 

transfer events52. Other studies have provided a more detailed mechanism to explain the thermal beam 

induced crystallization57. The crystallization path can be described by how the amorphous disordered 

atomic structure (relatively high internal energy) can be lowered to end its crystallinity (highly aligned), 

even when subjected to a constant energy input supplied by the e- beam in Figure 3. The energy injected 

by the beam ΔEn is redistributed into two parts and the fraction is stored in the form of a generated 

defect ΔEsto which contributes to the atomic damage of the specimen. The other fraction is dissipated 

as ΔEdis as the atoms of the impacted specimen are relocated to relax the atomic structure. During the 

relocation process, the specimen is driven into a thermodynamically unstable “stimulated state” and 



9

decreases rapidly, releasing the total energy amount ΔEr. After the relocation is complete, the internal 

energy of the specimen drops the factor of ΔErea below the initial amorphous state energy value. ΔErea

exclusively describes the difference in free energy of the post-rearrangement crystal structure in relation 

to the initial disordered state. Typically, these configurations occupy the deepest energy valleys, so 

there is a high probability that the sample is conceived on the crystal as it rolls out its internal energy 

landscape.
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Figure 3. Schematic representation of the redistribution of the incoming beam energy along an 

irradiated amorphous specimen. Most of the energy input is used to excite the atoms of the specimen 

and only a small fraction gets stored in the form of defects. The atoms in stimulated specimen rearrange 

until they adopt a crystalline configuration as the specimen decays into a lower energy state (lower than 

the original amorphous state).41
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2.2.2. Atomic rearrangement in 2D nanostructures induced by electron beams

Atomic rearrangement in 2D specimens derived by EBs can be observed as a “synthesis” technique

when it yields a nanostructure that have properties that are significantly different from the original film.

For example, this is achieved when a large area of the a-film is crystallized under EB film irradiation.

The procedure may vary depending on atomic sputtering and displacement, either of which is dominant 

over the other, or both occur at the same time. Large-area crystallization through atomic displacements 

was determined by inducing a free-carbon layer on the graphene58 as well as graphite a-carbon. The 

accelerated voltage of the 80 kV beam creates a carbon nano onion on the free standing film, while a 

similar process takes place on the graphene sheet and changes carbon to epitaxial so that the graphene 

layer is laminated. Graphitization occurs through “inelastic electron scattering interactions”, which is 

reconfigured as a more stable sp2 planar carbon isotope by breaking bonds at the carbon. Relocation to 

a graphene sheet is induced by van der Waals forces due to the hexagonal network of graphene or hBN.

The "inverse" transformation of crystalline graphene with an amorphous "glassy" carbon sheet can also 

be obtained if the sputtering event is included in addition to the EBs induced atomic transfer. Figure 4a-

c shows 2D graphene steadily changing with a 100 kV accelerating voltage slightly higher than the 

sputtering energy threshold of 2D carbon. Specimens of atomically thin iron and ZnO can be made 

through procedures that rely on EBs-induced atomic rearrangement and continuous self-assembly1, 59.

Another document deals with the formation of prominent Fe membranes extending from the graphene 

vacancies in Figures 4d and e. Fe atoms are usually bound in graphene holes. Another study shows free-

standing ZnO for graphene pores in Figures 4f and g. The ZnO structure has a graphene-like structure. 

The EELS data shows the difference in bonding configuration between ZnO and 3D ZnO, such as 

graphene. ZnO, such as graphene, fluctuates dynamically under EB due to continuous irradiation.
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Figure 4. (a) to (c) Graphene sheets irradiated at different current densities.41 (a) Low irradiation dose 

(1.25 × 108 e nm−2), (b) moderate dose (2.94 × 109e nm−2) and (c) high dose (9.36 × 109 e nm−2). The 

specimen irradiated at a higher dose shows a higher degree of beam-induced disordering (amorphization)

as it can be noticed by observing the blurred-out Fourier transformation pattern on the inset.41 (d) A 

small pore on a single-layer grapheme sheet is highlighted in red. A Fe cluster is seen right below the 

pore.59 (e) After 3 s of irradiation, the atoms of the Fe cluster have moved onto the pore forming an 

atomic-thick free-standing that completely covers the perforation.59 (f ) A ZnO nanocrystalline sits on 

top of a grapheme flake.1 (g) The ZnO crystallite has rearranged into a flat single-sheet ZnO layer with 

an hexagonal configuration.1 
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2.3. Fabrication of 2D metal oxide nanomaterials

Due to the large number of members of the 2D metal oxide nanomaterials family, it is very difficult 

to find a universal and cost-effective routine for synthesizing all types of 2D nanomaterials in a one-pot 

approach, even if we never stop trying. Generally, the fabrication of 2D metal oxide nanomaterials two 

approaches can be categorized into “top-down” synthesis and “bottom-up” synthesis. “Top-down” 

synthesis refers to processes of lowering the size and dimensions of bulk, thin film or other high 

dimensional materials by mechanical milling, peeling, etc. “Bottom-up” synthesis is a process in which 

nanomaterials are opposite process in which atoms, molecules, or sometimes proteins are grown or 

assembled by techniques such as vapor deposition, etc60. In addition to the commonly used “top-down” 

and “bottom-up” approaches, other methods of combining these double procedures have also been used 

for the making of fusion 2D nanomaterials, for example, where peel-off graphene is used to induce wet 

conditions 2D nano chemical growth of nanomaterials61-62.



14

2.3.1. Top-down synthesis of 2D metal oxide nanosheets

Several types of 2D metal oxide nanosheets have been produced through a “top-down” strategy after 

successfully delamination of layered graphite to produce graphene. As with the advantages and 

disadvantages outlined in Figure 5, “top-down” synthesis is a very simple and effective method that 

does not require complex facilities and equipment. In addition, this method is easy to scale for relatively 

large production. 2D nanomaterials fabricated through a “top-down” approach inherit a portion of the 

crystalline structure of the host crystal and thus usually maintain high crystallinity, which is also a 

significant advantage for high-speed carrier-charge transport. Graphene can be produced on the scale 

of hundreds of kilograms using liquid stripping and opens the door for commercialization of this 

material63. However, there are some disadvantages to the “top-down” method. The main problem is that 

a weak laminar host crystal with a weak atomic bond or van de Waals forces and weak 2D platelets is 

needed. 2D materials without corresponding layered host decisions cannot be produced through this 

“top-down” method. In addition to the requirements for host crystals, the poor-quality distribution of 

the products obtained is another inevitable challenge. The thickness of the 2D nanomaterials produced 

by “top-down” techniques, such as liquid exfoliation, is distributed over a wide range from several to 

several thousand layers. "Top-down" machining can be subdivided into two subcategories: mechanical 

/ thermal cutting and liquid exfoliation. Mechanical cutting was the fastest way to obtain graphene from 

graphite using scotch tape, and this method was modified to incorporate other 2D nanomaterials by 

introducing mechanical energy such as ball milling or ultrasonication64-65. Liquid exfoliation is a process 

carried out in solution in conjunction with organic solvents and / or chemical intercalation or ion-

exchange reactions66-67. In the case of liquid exfoliation, the discovery and application of more effective, 

inexpensive and harmless solvents is a barrier to the commercial production of 2D nanomaterials. There 

have been many important achievements in the "top-down" synthesis of 2D metal oxide nanomaterials 

by researchers around the world.
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Figure 5. Strategies for the synthesis of 2D metal oxide nanosheets.8 Top) Schematic illustration of a 

typical top-down routine together with microscopy images of the synthesized 2D Cr2O3, ZrO2, Al2O3, 

and Y2O3 nanosheets; Bottom) schematic illustration of a typical bottom-up synthesis routine together 

with microscopy images of 2D TiO2, ZnO, Co3O4, and WO3.8
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2.3.2. Bottom-up synthesis of 2D metal oxide nanosheets

“Bottom-up” synthesis methods such as vapor deposition and wet chemical self-assembly have been 

broadly used to produce 2D metal oxide nanosheets68-69. One common method for the bottom-up growth 

of 2D metal oxide nanosheets is physical / chemical vapor deposition (PVD / CVD), where solid or 

gaseous precursors are typically evaporated under heat and deposited on colder substrates. PVD / CVD 

can produce large area 2D metal oxides on substrates with precisely controlled thickness, good 

crystallinity and very high charge mobility and has been widely used in the manufacture of 2D 

electronic materials. However, this method is less productive and therefore has limited applicability to 

energy storage devices. Wet chemical synthesis is a excellent choice for 2D nanomaterials 

manufacturing and partially overcomes the clashes between quality and productivity that exist in 

stripping and deposition methods. The advantages of wet chemical synthesis of 2D nanomaterials 

include uniform size, shape and thickness of the product, relatively high yield and suitability for scalable 

synthesis. The disadvantages of this method are complex steps, stringent requirements for reaction 

solution preparation and relatively expensive precursors. In recent years, we have developed a new 

molecular self-assembly pathway to produce ultra-thin 2D transition metal oxide nanosheets such as 

TiO2, ZnO, Co3O4, WO3, Fe3O4, MnO2, etc. by rationally employing lamellar reverse micelles70 (Figure 

5). This generalized bottom-up method provides a pathway for the synthesis of large quantities of other 

2D metal oxide nanomaterials.
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Chapter 3: Atomic scale study on growth and heteroepitaxy of ZnO monolayer on graphene

1. Introduction

Heteroepitaxy of metal oxide semiconductors on two-dimensional (2D) layered nanomaterials,

combining wide band gap and high charge carrier mobility, has become a new integration method for 

fabricating flexible5-7 electronic and optoelectronic devices.

Among semiconductor oxides, zinc oxide (ZnO) has been used in novel transparent electronic devices18-

21 as forms of epitaxial layer on graphene. Thermodynamically, hexagonal wurtzite ZnO19 is the most 

stable and common form. The wurtzite structure of ZnO can be transformed to a planar71-73 ZnO 

monolayer in which Zn and O atoms reside in a trigonal planar coordination, instead of the bulk 

tetrahedral configuration formed when ZnO is thinned down to a few atomic layers. Since ZnO 

monolayers on graphene can have many applications in switching electronics and photoactive devices, 

growth of thin ZnO layers on graphene has been studied extensively1, 74-75. 

Various deposition techniques, including metal-organic vapor phase epitaxy76, as well as 

hydrothermal77-78 and electrochemical deposition79-81 have been employed for the heteroepitaxial 

growth of ZnO semiconductors on graphene. However, the strongly hydrophobic graphene limits metal 

oxide deposition and the wide application of this attractive combination.

Here, we provide experimental evidence for the epitaxial growth of a ZnO monolayer on graphene using 

atomic resolution transmission electron microscopy (ARTEM) along with the corresponding image 

simulations and first principles calculations. Furthermore, we demonstrate through in situ observation 

the atom-by-atom growth of zinc and oxygen at the zigzag edge of the ZnO monolayer on graphene at 

the atomic scale. We also confirm the heteroepitaxial growth and misorientation angles of this ZnO 

monolayer by direct observation and energy calculations of the heterostructures. In addition, we 

demonstrate the presence of 2–3 nm quantum dots (QDs) of the epitaxial ZnO monolayer grown by 

atomic layer deposition (ALD). Unlike conventional bulk ZnO, ZnO QDs have potential applications 

in nanoscale devices, such as photonic and electronic devices, due to the quantum confinement effect82-

83. The structural and optical properties of the ZnO monolayer on graphene are studied to exploit the 

quantum phenomena arising from confinement in QDs. 

In particular, a ZnO monolayer can preserve the graphene’s intrinsic electronic properties84-86, high 

carrier mobility87, and optical transmission88. Ultrathin 2D oxide semiconductors on graphene have 

potential applications in optoelectronic devices, and a new class of 2D heterostructures may arise 

through this deposition route.

Graphene is a strongly hydrophobic material, which limits the epitaxial growth of semiconductor 

oxides and thus hinders their various optoelectronic applications. Previously, we attempted to tailor the 

surface property of  graphene surface from hydrophobic to hydrophilic using several methods 

including O2 plasma89-90, O3 treatment91-92, UV irradiation93-94, surface chemical doping95, and electrical 
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field96.

In this study, we select the UV/Ozone treatment97-99 because it provides sufficient energy to reform 

the graphene surface state, but does not damage the graphene and, it is a simple method uniformly 

applicable to large areas.

2. Experimental section

2.1. Graphene sample preparation

Graphene was synthesized by CVD on a 25-μm-thick copper foil (99.8% Alfa Aesar, 13382). First, 

25μm thick copper foils was washed with HCl/H2O (1:10), washed with acetone and alcohol and dried 

around the air. The dried copper foil was inserted into a quartz tube and heated to 1,000 °C with flowing 

2 sccm H2 at 10 mTorr.  After annealing for 1 hour, the gas mixture of 10 sccm CH4 and 2 sccm H2 at 

100 mTorr was introduced for 25 min to synthesize graphene. Finally, it was rapidly cooling to room 

temperature while flowing 10 sccm CH4 and 2 sccm H2 was performed.

2.2. Graphene transfer

For Raman spectroscopy, XPS, field effect transistors, AFM, SEM and optical transmittance 

characterization, graphene was transferred to SiO2 substrates. The graphene was grown on both sides 

of the copper foils; Ar plasma was the applied to remove the graphene layer on the backside of the Cu 

foil. The transfer of the graphene films onto 300 nm SiO2 substrates was performed by the wet etching 

of the copper substrates. A PMMA solution was spin-coated on the surface of as-grown graphene on Cu 

foil at the speed of 4,000 rpm for 1 min and baked at 130°C for 10 min. Then the sample was placed 

into a solution of sodium persulphate (Na2S2O8, a concentration of 0.2 g in 1 ml of water) to etch the 

underlying copper foil and is then rinsed with deionized water for several times, and then transferred 

onto a 300 nm SiO2 substrates. After air drying, the PMMA was dissolved by acetone and the substrate 

was rinsed with isopropyl alcohol to yield a graphene film on the substrate.

2.3. Graphene TEM grid preparation

In the direct transfer, this support was provided by the target substrate, specifically the TEM grid’s 

carbon film. For TEM characterization, graphene was transferred to Quantifoil holey carbon TEM grids 

(SPI supplies, 300 meshes, 2 μm hole size) using direct transfer method. To tightly attach the graphene 

and carbon, the TEM grid is placed on top of graphene on copper foil and a drop of IPA and air-dried. 

Finally, the sample was placed into a solution of sodium persulphate (Na2S2O8, a concentration of 0.2 

g in 1 ml of water) to etch the underlying copper foil and is then rinsed with deionized water for several 

times.
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2.4. Atomic resolution TEM imaging and STEM-EELS spectra

Transmission electron microscopy (TEM) analysis was performed by using an aberration-corrected 

TEM, Titan G2 Cube 60-300kV (FEI) installed at UNIST. To minimize beam exposure to the sample, 

images were collected at a low operating voltage of 80 kV with a minimal beam exposure approach. 

STEM HAADF images and EELS spectra were recorded with a monochromatic beam at 80kV with a

probe size of 1.5 nm and an energy resolution of 0.2±0.05eV, as measured from the full-width-at-half-

maximum of the zero-loss peak.

2.5. Atomic layer deposition of ZnO

ZnO growth on graphene was conducted in an automatic atomic layer deposition system (SVT 

associate ALD), using a low vacuum condition with 10 sccm of ultra-high pure Ar (99.999%) carrier 

gas in all deposition sequences. Diethylzinc (DEZ, Sigma Aldrich) and deionized water (> 18 MΩ) were 

prepared as precursors of seed layers in stainless cylinders, enclosed by a heater and thermocouple at 

room temperature and 30°C, respectively. For one cycle of ZnO monolayer growth, DEZ precursor was 

first injected into the growth chamber for 0.1 seconds (~ 80 mTorr). Then, the chamber was purged with 

Ar carrier gas (~ 1000 mTorr) for 30 seconds to remove residues and other impurities. Then, deionized 

water was injected for 0.5 s (~ 100 mTorr). Finally, the chamber was purged with the Ar gas (~ 1000 

mTorr) to remove any remaining residues. The substrate temperature was maintained at 200°C during 

the deposition process. The set of ZnO samples presented in this report was grown by 10, 20, 100 and 

200 ALD cycles.

2.6. Characterization

Raman spectra were acquired with a WiTech confocal Raman microscope (Helium Neon Laser 532 

nm). X-ray Photoelectron Spectroscopy (XPS) analysis was performed K-alpha system (Thermo Fisher 

Instruments Inc.). Contact angle was measured using Phoenix 300 (SEO Inc.). X-ray Diffraction (XRD) 

was measured using D8 Advance (Bruker Instruments Inc.). SEM images were taken using S-4800 

(Hitachi Instruments Inc.). The UV-Vis-NIR was measured using Cary 5000 (Agilent Instruments Inc.). 

The Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) was analyzed using TOF-SIMS 5 

(ION TOF Inc.). Electrical properties were measured in physical property measurement system (PPMS, 

Quantum Design) with controlling high vacuum and temperature variations.

2.7. Image simulation

Image simulations of AR-TEM Image were performed using MacTempasX with the experimental 

conditions. The simulated structure was constructed by Vesta and Matlab with an interlayer distance of 

3.556 Å which was estimated from DFT Calculation (Supplementary Figure 7b). Brightness 
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normalization and profiling were performed by Matlab.

2.8. DFT calculation

Density functional theory (DFT) calculation was performed with DMol3 module100-102. Exchange and 

correlation interaction was described by the generalized gradient approximation (GGA) with Perdew-

Burke-Ernzerhof (PBE) functional103. Spin polarization was taken into account for all calculations. Core 

treatment was set to be all electrons relativistic with DNP 4.4 basis set. The convergence criteria for the 

geometry optimization were 2.0 × 10–5 Ha for energy, 0.004 Ha/Å for force, and 0.005 Å for 

displacement, respectively. The self-consistent field convergence was smaller than 1.0 × 10–5 Ha. The 

long-range dispersion correction was taken into account with the semi-empirical DFT-D2 method 

suggested by Grimm104.

3. Results and discussion

3.1. ZnO monolayer on pristine and UV/Ozone-treated graphene

Figure 1 shows a ZnO monolayer grown on pristine graphene and the UV/Ozone-treated graphene 

after 20 ALD cycles. Figure 1a shows the ZnO deposited on the pristine graphene surface after 20 ALD 

cycles. Blue indicates the crystallized ZnO monolayer. Figure 1b, however, shows larger size of ZnO 

crystals epitaxially grown on the UV/Ozone-treated hydrophilic graphene surface after 20 ALD cycles. 

The crystalline ZnO monolayer is clearly visible and the ZnO coverage is much larger on the 

UV/Ozone-treated graphene. The misorientation angle of 0° is the most common. In order to investigate 

the effect of UV/Ozone treatment on graphene, Raman spectra are obtained for the graphene as a 

function of the UV/Ozone treatment time from 0 to 600 s (Figure 2a). After up to 180 s of UV/Ozone 

treatment, pristine graphene bands remain intact. However, after 300 s of the treatment, strong D (1345 

cm-1) and D  ́(1618 cm-1) bands are observed in the spectra, suggesting the formation of lattice defects. 

These results indicate that excessive UV/Ozone treatment damages the graphene lattice97. The X-ray 

photoelectron spectroscopy (XPS) results (Figure 2b) mainly display a C 1s peak, related to the sp2 C-

C bonds based on the UV/Ozone treatment time. The XPS spectra show a gradual decrease in the height 

and broadening of the sp2 C-C bonds with increasing UV/Ozone treatment time. Such behavior is likely

caused by p-type doping induced by the UV/Ozone treatment97. The results of Raman spectroscopy and 

XPS indicate that excessive UV/Ozone treatment induces significant crystal lattice damages and 

graphene doping. The effects of UV/Ozone treatment on the electrical properties are also investigated 

through field-effect transistor (FET) measurements. The FET devices are fabricated to have a graphene 

channel (width = 200 μm, length = 5 μm) between the Au electrodes on the SiO2/Si substrate. The 

mobility of the three pristine graphene FETs is 1346, 1648, and 1490 cm2/V·s, which changes to 1281, 

1424, and 1361 cm2/V·s, respectively, after the UV/Ozone treatment without remarkable Dirac voltage 
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changes. Thus, the mobility decreases only by about 10%, suggesting that our UV/Ozone treatment 

does not severely deteriorate the graphene structure (Figure 2c, d). The inset in Figure 2c shows the 

change in the contact angle of water on graphene after the 180s UV/Ozone treatment, which is measured 

with an optical contact angle meter in ambient environment. The contact angle decreases from 87° to 

67° for the UV/Ozone-treated graphene, indicating enhanced hydrophilicity. Therefore, we find that 

180 s is the optimum UV/Ozone treatment time for ZnO deposition on a graphene substrate. Under 

these conditions, the graphene surface shows hydrophilicity without deteriorated electrical properties 

caused by lattice damage.
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Figure 1. ZnO monolayer on pristine and UV/Ozone-treated graphene. (a) Atomic resolution image of 

ZnO nanoclusters on pristine graphene. The inset in the upper right corner shows the Fourier transform 

of the image. (b) Atomic resolution image of ZnO nucleation on a graphene substrate after 180 s of 

UV/Ozone treatment. The inset in the upper right corner shows the Fourier transform of the image. The 

scale bar is 2 nm.
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Figure 2. ZnO monolayer on pristine and UV/Ozone-treated graphene. (a) The Raman spectra of 

UV/Ozone-treated graphene after different treatment times. (b) XPS spectra of the UV/Ozone-treated 

graphene after different treatment times. (c) Current–gate voltage curves of the graphene for different 

UV/Ozone treatment times. The inset in the upper corner shows the contact angle to the graphene 

substrate treated to UV/Ozone from 0 to 180 s. (d) Mobility-carrier concentration curves of the graphene 

for varying UV/Ozone treatment time.
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3.2. Field effect transistor measurement

Graphene synthesized by CVD on a copper foil (see Methods) was transferred to a p-doped 500 um 

Si substrate covered with a 300 nm of SiO2 layer. The electrode patterns of source and drain were 

fabricated by photolithography with width 200 μm and length 5 μm, and then Au was directly deposited 

in a thermal deposition system in a high vacuum (<10-7 Torr). The prepared device was installed to the 

PPMS and annealed in a high vacuum condition at 100 °C to remove residual dopants and impurities 

from the photolithography with air contamination. After 3 hours of annealing, Vd-Id characteristic 

depending on gate bias was measured at room temperature and we analyzed three samples, calculated 

the mobility of 1346, 1648 and 1490 cm2/V·s, respectively (at n = 1012). To compare the UV/Ozone 

treatment effect, the measured sample was immediately transferred from the PPMS to the UV/Ozone 

chamber, and then exposed UV/Ozone during 180 seconds. The treated sample was quickly moved back 

to the PPMS and measured the field effect behavior with the same condition of the untreated one. All 

transfer times including the UV/Ozone treatment were less than 4 min to avoid contaminating doping 

in air. The UV/Ozone-treated graphene devices showed 1281, 1424 and 1361 cm2/V·s without notable 

Dirac voltage shift by air doping, indicated about 5, 14 and 10% decrease only compared to the pristine 

graphene conditions. 
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3.3. Time-elapsed ARTEM images showing ZnO monolayer growth behavior under electron beam 

irradiation

The diffusion of monomers is the basic form of mass transport on graphene flat surface105-106. For 

technological purposes, it is often desirable to achieve layer-by-layer or Frank-van der Merwe growth 

to produce smooth layers. Under thermodynamic equilibrium conditions, the growth mode is 

determined by the surface energy107. The epitaxial growth of ZnO wets the flat graphene surface 

completely when the surface energy of the ZnO monolayer is lower than that of the graphene surface; 

in the opposite case, the deposited material forms three-dimensional islands, following the Vollmer-

Weber growth mode107. Figure 2 shows time-elapsed ARTEM images taken during the epitaxial growth 

of the ZnO monolayer on the graphene surface triggered by electron beam irradiation. First, the ZnO 

monomer is adsorbed onto the graphene’s flat surface (Figure 3a). Then, the diffused and desorbed 

species may also attach to an island nucleated in an earlier growth stage (Figure 3b). The next step is 

the formation of clusters, where unstable clusters are desorbed (Figure 3c). Then, the ZnO cluster 

develops which exhibits a periodic atomic arrangement. The epitaxially grown ZnO crystals have a 

diameter of 2 nm (Figure 3d). Especially, in the lateral growth of ZnO, the highest growth rate is 

observed along the c-axis and the large facets are usually {10 1� 0} and {11 2� 0}, because  it is 

energetically favorable when the [101�0] or [112�0] direction of ZnO matches the [101�0] direction of 

graphene 108. The ZnO monolayer has a (0001) polar surface plane, which is atomically flat and stable109-

110. During the coalescence stage (Figure 4), there is a distinct difference in the relative orientation of 

the ZnO crystals and the graphene surface. The ZnO monolayer has a facet edge development as shown 

in the time-elapsed images. In addition, it has a graphene-like structure along the c-axis and the ZnO 

adatoms are adsorbed onto the {101�0} facets. This shows that some crystals in the ZnO monolayer 

undergo non-epitaxial growth, rotated by 10° during the initial growth stage (Figure 5). 
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Figure 3. Time-elapsed ARTEM images showing ZnO monolayer growth behavior under electron beam 

irradiation. (a) ZnO monomer is adsorbed onto the graphene substrate. (b) ZnO becomes amorphous. 

(c) ZnO forms clusters; unstable clusters are desorbed. (d) The ZnO cluster has periodic atomic 

arrangement for epitaxial growth on graphene. The scale bar is 1 nm. 
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Figure 4. Time-elapsed ARTEM images show the growth process of ZnO monolayer on graphene 

monolayer. The scale bar is 2 nm.
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Figure 5. (a) ARTEM image of monolayer ZnO misoriented by 10° with respect to graphene substrate. 

(b) Fourier transform of the image (a). Scale bar is 1 nm.
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3.4. Heteroepitaxial relations of the ZnO monolayer on graphene analyzed through aberration-corrected 

TEM

ZnO is crystallographically misoriented by 30° with respect to the graphene substrate to minimize the 

dangling bond density. The misorientation angles of 0° and 30° can be explained by the heteroepitaxial 

relationship between the ZnO monolayer and graphene; it is energetically favorable when the [101�0] or 

the [112�0] crystallographic direction of ZnO matches the [101�0] direction of the graphene108. Figure 6

shows the heteroepitaxial relationship of the ZnO monolayer with the graphene surface, as revealed 

through ARTEM analysis. Figure 6a shows an atomic resolution image of the ZnO monolayer 

misoriented by 30° on the graphene. The inset in the upper right corner shows the Fourier transform of 

the image. According to the ARTEM analysis, the atomic model of ZnO/graphene rotated by 30° is 

simulated as shown in the Figure 7a. The corresponding simulated diffractogram (Figure 7b) is in good 

agreement with the diffractogram of the ARTEM image (Figure 6a). The ZnO monolayer, misoriented 

by 0° and 30° on the graphene, appears during the initial growth stage and eventually becomes 

misoriented by 0° as ZnO crystals grow further.

Figure 6b shows an ARTEM image of the ZnO layer on graphene misoriented by 0°. The image clearly 

shows a unit triangular Moiré pattern with a periodicity of about 2.0 nm, which is attributed to the lattice 

misfits. The determined lattice constants for ZnO (a ≈ 3.3 Å, c ≈ 5.2 Å) and graphene (a ≈ 2.46 Å) agree 

well1, 73 with the reported lattice constants of graphene-like ZnO and graphene. 
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Figure 6. Heteroepitaxial relationship of the ZnO monolayer on graphene analyzed through aberration-

corrected TEM. (a) Atomic resolution image of ZnO misoriented by 30° on graphene. The inset in the 

upper right corner shows the Fourier transform of the image. (b) Atomic resolution image of ZnO 

misoriented by 0°. The inset in the upper right corner shows the Fourier transform of the image. 

Triangular moiré patterns are repeatedly observed every 2 nm. The scale bars indicate 1 nm. 
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Figure 7. (a) Atomic model of ZnO/Graphene rotated by 30°. (b) Diffractogram pattern obtained 

through Fourier transform of the atomic model (a). (c) Atomic model of ZnO/Graphene rotated by 0°. 

The overlaid triangle shows unit moiré pattern. (d) Diffractogram pattern obtained through Fourier 

transform of the atomic model (c).
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Figure 8. Heteroepitaxial relation of monolayer ZnO on monolayer graphene analyzed by using 

aberration corrected TEM. (a) Histogram of misorientation angles of ZnO on graphene and calculated 

binding energy. (b) Raw image of Figure 5a. (c) Image simulation result of monolayer ZnO on 

monolayer graphene. (d) Normalized intensity profiles acquired from the image simulation (black line) 

and experimental image (red line), corresponding to marked profiles in red dashed lines in (b) and (c). 

Scale bars indicate 1nm. 
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These results are in good agreement with the atomic model and the diffractogram (Figure 7c and d, 

respectively). In order to reveal the specific misorientation angles observed through the experiment, the 

stability of each misorientation angle is assessed by calculating the adhesion energy (Ead) as follows:

��� = (������ − (���� + ��))/�   (1)

where ������ , ���� , and ��  represent the energies of the ZnO nanocluster on graphene, the 

freestanding ZnO nanocluster, and the freestanding graphene, respectively, and � is the total number 

of Zn and O atoms in the ZnO nanoclusters. Based on the density functional theory (DFT) calculations 

of the different edges of ZnO nanoclusters (Figure 9 and Model Systems in 3.6), the misorientation 

angles 0° and 30° are more stable for the ZnO monolayer on graphene due to the strong van der Waals 

interactions between the edge atoms of ZnO and graphene. Figure 8a shows the histogram of the 

observed misorientation angles and the calculated adhesion energies between the oxygen-terminated 

triangular ZnO nanocluster and graphene. The counts of the experimental misorientation angle 

correspond well with the computational adhesion energy.

Figure 8b shows the raw ARTEM image of Figure 6a, and Figure 8c shows the image simulation result 

of the ZnO monolayer on graphene. It is noteworthy that both images have tiny bright spots in the 

vacuum regions of the ZnO lattice. The contrast comes from constructive interferences of the exit waves 

generated by the distance between the ZnO monolayer and the graphene surface. We also compare the 

variations in the normalized intensity profiles of the experimental image and the simulated image at the 

imaging condition of the microscope. The similarity of the two intensity profiles in Figure 8b, c

confirms the identical atomic structures of ZnO monolayers in these images. 
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Figure 9. The optimized structure of hexagonal (a), oxygen-terminated (b) and zinc-terminated (c) 

triangular ZnO nanoclusters on graphene (See the Model Systems below for more information). The 

red and blue spheres represent oxygen and zinc atoms, respectively, and gray-stick honeycomb network 

represents graphene. (d) The adhesion energy between three types of ZnO nanoclusters and graphene 

vs the misorientation angle (q).
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3.5. Heteroepitaxial relations of the ZnO monolayer on graphene analyzed through aberration-corrected 

TEM

The ZnO monolayer on graphene monolayer assumes a graphene-like structure1, 71-75 rather than a 

wurtzite structure. ZnO monolayer nanoclusters have a predominantly zigzag edge configuration with 

a misorientation angle of 0° on graphene. Here, the in situ observation allows for demonstrating the

atom-by-atom lateral growth of zinc and oxygen at a zigzag edge of the ZnO monolayer on graphene at 

atomic scale. Figure 10a, shows time-elapsed images of adsorbed ZnO adatoms on a graphene substrate. 

In order to understand the lateral growth at the edge, the formation energy, which may reveal the growth 

path, is estimated through DFT calculation. The formation energy Ef is defined as follows:

�� = (������ − �� − ������ − ����)/(��� + ��)       (2)

where ������ and �� represent the energies of the ZnO monolayer on graphene and the freestanding 

graphene; ��� and �� are the energies of zinc and oxygen atoms in vacuum; and ��� and �� are 

the numbers of zinc and oxygen atoms in the total system, respectively. Based on the lateral growth 

model systems (Figure 11), the relative formation energy of the ZnO monolayer on graphene is 

estimated as shown in Figure 10b. After the first unstable adatom absorption, the formation energies 

tend to decrease. For oxygen- and zinc-terminated zigzag edges, the formation energies gradually 

decrease as the growth step increases. In particular, a large formation energy drop occurs by stabilizing 

the ZnO edge when a hexagonal structure is formed by adatom absorption. For the armchair edge, the 

formation energy fluctuates with increasing growth step. When adatoms form a full hexagonal structure, 

the formation energy decreases, but when they become dangling atoms, the formation energy increases. 

Consequently, the lateral growth of ZnO is energetically favorable for the zigzag edge over the armchair 

edge. In addition, parallel growth is favored less than lateral growth because of the continuous unstable 

adatom absorption at the pristine edge (Figure 12).

Figures 13a and c show the raw ARTEM image of Figure 10a at the final step 7 and the corresponding 

simulation image at the imaging condition, respectively. The ZnO adatoms are adsorbed onto the 

oxygen-terminated zigzag edges because these edges are more stable than Zn metal edges (Figure 10b). 

Figure 13b shows an intensity profile in the raw ARTEM image of Figure 13a, where Zn, O, and C 

atoms can be distinguished, because the Zn atoms display 4.5% higher intensity than the O atoms with 

±1.5% deviation in the real image111. This result reveals the lateral growth of ZnO as heteroepitaxy 

growth on graphene at the atomic scale. The observed ZnO monolayer appears crystallographically 

identical to the graphene-like structure. We draw attention to two findings from the results: First, the 

ZnO adatoms at the zigzag edges are energetically favorable, and oxygen-terminated edges are more 

stable than Zn-terminated edges (Figure 10, 11). Second, the ZnO adatoms along the growth direction 

are energetically more stable than those parallel to the growth direction (Figure 12).
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Figure 10. Lateral growth of the ZnO monolayer along the zigzag edges. (a) Time-elapsed ARTEM 

images show the adsorbed ZnO adatoms on graphene. (b) Relative formation energy (i.e., ∆�� =

 ��_������ ����
−  ��_������� ) of the lateral growth of the ZnO monolayer with oxygen- and zinc-

terminated zigzag edges and armchair edge. The red and blue spheres represent oxygen and zinc atoms, 

respectively, and the gray-stick honeycomb network represents graphene. The scale bar is 1 nm.
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Figure 11. The top view of atomic configuration of each lateral growth step of oxygen- and zinc-

terminated zigzag edge models and armchair edge model, respectively. Note that each edge model 

consists of equal numbers of carbon, zinc, and oxygen atoms. The red, blue, burgundy, and navy spheres 

represent oxygen atoms, zinc atoms, oxygen adatom, and zinc adatom, respectively, and gray-stick 

honeycomb network represents graphene.
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Figure 12. (a) Top view of atomic configuration of each growth step of normal and parallel to the 

growth front direction. Red, blue, burgundy, and navy spheres represent oxygen atoms, zinc atoms, 

oxygen adatom, and zinc adatom, respectively, and gray-stick honeycomb network represents graphene. 

(b) Formation energy of ZnO growth in normal and parallel to the growth front direction at oxygen 

terminated zigzag edges. The inset figure shows that the red arrow is normal to the growth front 

direction and the red arrow is parallel to the growth front of direction.
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Figure 13. Lateral growth of the ZnO monolayer along the zigzag edges. (a) Raw image of Figure 10 

(a) at final step 7. (b) Intensity profile acquired from the experimental image (red line). (c) Image 

simulation of Figure 10 (a) at final step 7. (d) Intensity profile acquired from the image simulation (blue 

line). The scale bar is 1 nm.
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3.6. Model system

For the ZnO nanocluster model, we modeled hexagonal nanocluster and oxygen-terminated and zinc-

terminated triangular ZnO nanoclusters to investigate edge effect for adhesion strength. 21.25 × 22.13 

Å2 rectangular graphene super-cell with 180 carbon atoms was used and 27 oxygen and zinc atoms were 

used for hexagonal ZnO nanocluster. 18 oxygen and 15 zinc atoms were used for oxygen-terminated 

triangular ZnO nanocluster. 15 oxygen and 18 zinc atoms were used for zinc-terminated triangular ZnO 

nanocluster (Figure 9). For lateral growth of ZnO model, 21.25 × 19.58 Å2 rectangular graphene super-

cell with 160 carbon atoms was used for ZnO growth model to minimize lattice mismatch with zigzag 

and armchair edge of ZnO. All initial system has 160 carbon atoms and 12 oxygen and zinc atoms 

(Figure 11). For ZnO growth of normal and parallel to the growth direction model, same size of 

graphene as lateral growth model was used for ZnO growth model to minimize lattice mismatch with 

zigzag of ZnO. Both normal to the growth and parallel to the growth direction initial systems have 160 

carbon atoms and 26 oxygen and 27 zinc atoms (Figure 12). The Brillouin-zone integration of 3×3×1 

Monkhorst-Pack k-point grid112 was used. All growth model systems were constructed with 0˚ 

orientation angle between ZnO and graphene which is most stable configuration based on experimental 

and simulation results. A vacuum space consisting of a 20 Å normal to ZnO plane was used for all 

model system to avoid self-interactions. We modeled a periodic layer system with 4 × 4 supercell of 

hexagonal unit cell graphene and 3 × 3 supercell of ZnO monolayer. Lattice mismatch was about 0.59%. 

Geometry optimization was performed to find stable states (Figure 14) with the Brillouin-zone 

integration of 12×12×1 Monkhorst-Pack k-point grid112. Single layer ZnO on the graphene has 

graphene-like structure113 instead of wurtzite structure which is crystal structure of bulk ZnO.
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Figure 14. The top and side views of the optimized structure of periodic ZnO on graphene. (a) 4 × 4 

supercell of hexagonal unit cell graphene is matched with a 3 × 3 supercell of ZnO monolayer, where 

the lattice mismatch is 0.59%. (b) The interlayer distance between ZnO monolayer and graphene is 

3.556 Å. The red and blue spheres represent oxygen and zinc atoms, respectively, and gray-stick 

honeycomb network represents graphene.
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3.7. Electronic and optical properties of ZnO deposited with different ALD cycles on UV/Ozone treated 

graphene

Bulk ZnO has a band gap of 3.37 eV at room temperature21. However, ZnO monolayer nanoclusters 

with a diameter of 2–4 nm or smaller (Figure 15 f, g) have increased band gaps due to strong quantum 

confinement effects82-83 and graphene-like crystallographic structure. Therefore, we anticipate a similar 

drastic change in the band gap of ZnO monolayer nanoclusters.  

In this study, we experimentally measure the band gaps of the ZnO nanoclusters and verify the change 

in the band gaps of the ZnO monolayer QDs grown on graphene. 

Figure 15a shows band gap measurements with electron energy loss spectroscopy (EELS) in the 

scanning transmission electron microscopy (STEM) mode for ZnO grown on graphene with different 

ALD cycles. Figure 15a shows the obtained EELS spectra after subtracting zero loss peaks. The band 

gaps are estimated from these spectra using a power law114. The results display higher band gap energy 

for smaller ZnO nanoclusters. For instance, a ZnO sample grown with 10 ALD cycles displays a band 

gap of 4.0 eV, whereas a ZnO sample grown with 200 ALD cycles exhibits a band gap of 3.25 eV, which 

is close to the bulk ZnO value. The observed gradual spectral shift in the band edge with the ALD cycles 

can be attributed to the expected quantum confinement effect82-83.

We also measure the variation in the band gap energy with a different experimental method. Figure 16

shows the optical transmission spectra obtained from the UV-VIS-NIR spectrophotometer. These 

spectra can provide plots of (αhv)2 as a function of photon energy (hv) for different ALD cycles—where 

α is the absorption coefficient of ZnO, defined as follows:

α = �
�

∆�
� ln �

��

��
�                 (3) 115

Here, Δd (= d2 – d1) is the thickness difference between the two ZnO films, and T1 and T2 are the 

transmittances of the two films. If d1 = 0 (and T1 = 1), we can also obtain the absorption coefficient of 

the ZnO film. The linear fit to the rapidly rising part of a spectrum gives the value for the optical band 

gap. Similar methods have been used for determining band gaps of various composite films. The ZnO 

band gaps for 10, 20, and 200 ALD cycles are determined in this way (Figure 16a-c). Indeed, the 

obtained band gaps are very close to those measured from the STEM-EELS spectra in Figure 15. This 

again verifies a significant change in band gap due to the quantum confinement effect in ZnO monolayer 

nanoclusters on graphene. The ZnO monolayer QDs on 2D materials with their tunable band gap can 

be a promising template for various photonic and electronic device applications. Figure 15b shows 

optical transmittance data of ZnO deposited with different ALD cycles on graphene. The ZnO films 

grown on graphene with 10 and 20 ALD cycles are nearly transparent, with flat optical transmittances 

of T = 97.1% and 96.8% at 550 nm, respectively. However, ZnO films grown with 200 cycles exhibit 

substantial reduction in transmittance (T = 87.7% at 550 nm). The drop in optical transmittance is highly 

nonlinear to the number of ALD cycles116 because the formation of ZnO 
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Figure 15. Electronic and optical properties of ZnO deposited with different ALD cycles on UV/Ozone 

treated graphene. (a) The STEM-EELS spectra of ZnO deposited with different ALD cycles on 

UV/Ozone-treated graphene. The extrapolation lines (dashed lines) indicate the band gap (Eg) values 

4.0, 3.71, and 3.25 eV. Each curve is scaled differently. (b) Optical transmittance measurement of ZnO 

deposited with different ALD cycles on graphene. (c–e) Bright-field images of suspended UV/Ozone-

treated graphene after 10, 20, and 200 cycles of ZnO ALD growth. The scale bar is 200 nm. (f–h) 

ARTEM images of 10, 20, and 200 cycles of ZnO ALD growth on the UV/Ozone-treated graphene 

substrate. The insets in the upper right corner show the electron diffraction patterns of the imaging 

regions (f–h). The scale bar is 1 nm.
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nanoclusters, as observed in TEM images, results in a nonlinear expansion of the ZnO deposition area 

with increasing number of ALD cycles. The morphological development of the ZnO nanoclusters and 

their epitaxial relationship to graphene are characterized using bright-field TEM and atomic-resolution 

TEM. Figures 15c–e show bright-field TEM images of the ZnO nanostructures grown on graphene after 

UV/Ozone treatment for 180 s with 10, 20, and 200 ALD cycles. These TEM images display orange 

color for the ZnO monolayer and yellow for the graphene substrate. ZnO coverage on graphene 

increases significantly with the number of ALD cycles (Figure 15c–e). As shown in Figure 15e, a ZnO 

monolayer deposited with 200 cycles exhibits highly uniform and high-quality thin films on a large-

area graphene substrate.
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Figure 16. (αhv)2 versus photon energy of ZnO deposited on graphene by using ALD method. The 

extrapolation lines (dashed lines) indicate optical bandgaps (Eg) of 4.03, 3.78 and 3.22 eV for (a) 10 

cycle, (b) 20 cycle and (c) 200 cycles.
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In order to confirm the compositional changes of the 20 and 200 ZnO ALD cycles on UV/Ozone-treated 

graphene, Raman spectroscopy, X-ray diffraction and X-ray photoelectron spectroscopy (XPS) were 

carried out. In the Raman spectra of the 200 cycles ZnO on graphene, distinct ZnO peaks were observed 

near 1131 cm-1 and 1526 cm-1 (Figure 17). The X-ray diffraction patterns for the 200 cycles ALD grown 

ZnO on UV/Ozone-treated graphene sample revealed [101�0], [0002], and [101�1] reflections of ZnO 

(Figure 18). XPS was also performed for the 20 and 200 ZnO ALD cycles on UV/Ozone-treated 

graphene on SiO2/Si substrates (Figure 19). The peak of 1,022 eV in the spectra is corresponding to the 

Zn-O bonds (Figure 19a). Also, oxygen 1s spectra at 530.8 eV show O2- ions in the Zn-O bonding of 

the ZnO film (Figure 19b). The other peaks located at 532.1 eV correspond to the oxygen atoms bonded 

to the zinc in the ZnO. We performed STEM HAADF imaging and EELS analysis. The EELS confirmed 

the presence of Zn and O by the presence of the O K-edge and Zn L-edge of the ZnO monolayer on 

graphene (Figure 20). In addition, the compositional analysis of ZnO monolayer was performed using 

a time-of-flight secondary ion mass spectrometry (TOF-SIMS). The TOF-SIMS maps show ZnO 

growth areas in yellow. ZnO coverage on graphene was enlarged as the ALD cycles increased (Figure 

22a-c). Figures 15f–h show ARTEM images of ZnO nanostructures grown on graphene with 10, 20, 

and 200 ALD cycles. As shown in Fig. 15f, ZnO with 10 ALD cycles starts to develop nanoclusters of 

1–2 nm in diameters. The diffraction pattern in the inset of Figure 15f shows mostly spot patterns of 

graphene because of the insufficient amount of crystalline ZnO. Figure 15g shows that the ZnO 

monolayer cluster gradually grows in size, by 2–3 nm in diameter. After 200 ALD cycles, coalescence 

takes place over the entire area of graphene and ZnO nanoclusters merge into larger grains, resulting in 

the formation of grain boundaries (Figure 15h). The diffraction patterns in the inset of Figure 15h shows 

the mixed spot patterns of nanosized polycrystalline ZnO and graphene.
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3.8. Raman spectroscopy, X-ray diffraction, XPS, STEM-HAADF imaging, EELS core loss spectra and 

SEM measurement

ZnO nanostructures well grow on SiO2/Si or Al2O3 substrates117.  However, the lattice mismatch 

between ZnO and SiO2 is larger than that between ZnO and graphene, and the SiO2 used here is 

amorphous having many defect sites118. Therefore, these defect sites and the large lattice mismatch 

destabilize the energy of the ZnO-SiO2 interface. The calculated results also show that the 

destabilization energy of the ZnO-graphene binding is 4.55 eV/nm2, while that for ZnO-SiO2 is 5.35 

eV/nm2, indicating that ZnO has a more stable bond with graphene than it does with amorphous SiO2
118. 

However, ZnO growth has some issue with graphene. Graphene is a strongly hydrophobic material, 

which limits its applications in metal oxide deposition and may contaminate the nanoelectromechanical 

systems. We performed UV/Ozone treatment for 180 seconds in order to induce the wettability 

transition in graphene from hydrophobic to hydrophilic. However, UV/Ozone treatment can usually 

induce lattice damaging in graphene. To minimize surface defects graphene sheet, we controlled 

UV/Ozone treatment time. Our UV/Ozone treatment did not deteriorate a graphene structure for 

electrical properties notably. Figure 17 shows Raman spectra of 20 and 200 ZnO ALD cycles on 

UV/Ozone-treated graphene on SiO2/Si substrate. In the Raman spectra of the 200 cycles ZnO on 

graphene, distinct ZnO peaks were observed near 1131 cm-1 and 1526 cm-1, respectively. A negligible 

difference in ID/IG between the 20 cycles ZnO and 200 cycles ZnO is clearly observed. X-ray diffraction 

(XRD) of the 20 and 200 ZnO ALD cycles on UV/Ozone-treated graphene prepared on SiO2/Si 

substrates are shown in Figure 18. In the X-ray diffraction patterns for the 200 cycles ALD grown ZnO 

on UV/Ozone-treated graphene sample revealed a [101�0], [0002], and [101�1] reflections. Figure 19

shows the Zn 2p3/2, 2p1/2 and O 1s XPS spectra for the 20 and 200 ZnO ALD cycles on UV/Ozone-

treated graphene on SiO2/Si substrates. The binding energies were calibrated by taking the C 1s peak 

(284.6 eV). 

Supplementary Figure 20 shows comparison of EEL spectra of a ZnO monolayer and a ZnO multilayer. 

Supplementary Figure 20a shows atomic resolution TEM image of ZnO on graphene. We then switched 

to the STEM mode and acquired quickly an HAADF image and simultaneously EEL spectra. STEM 

HAADF images show the contrast difference between ZnO monolayer, multilayer and graphene. The 

corresponding oxygen K-edge and zinc L-edge spectra are presented in Supplementary Figure 20c, d. 

The inset figure in (c) shows signal for the carbon K-edge from ZnO monolayer on graphene.

Figure 21 shows scanning electron micrograph (SEM) of 20 and 200 ZnO ALD cycles on UV/Ozone-

treated graphene on SiO2/Si substrate. In the SEM image of the 200 cycles ZnO on graphene clearly 

shows uniform and high-quality growth thin film. The ALD technique is capable of growing uniform 

and high-quality thin films on a large-area graphene.
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Figure 17. Raman spectroscopy of UV/Ozone-treated CVD graphene on the SiO2/Si substrate, 20 and 

200 ZnO ALD cycles. 
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Figure 18. X-ray diffraction patterns of 20 and 200 ZnO ALD cycles on UV/Ozone-treated CVD 

graphene on the SiO2/Si substrate.
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Figure 19. XPS spectra of UV/Ozone-treated CVD graphene on the SiO2/Si substrate with 20 and 200 

ZnO ALD cycles. (a) Zn 2p and (b) O 1s.
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Figure 20. Comparison of EEL spectra of a ZnO monolayer and ZnO multilayer. (a) Atomic resolution 

TEM image of ZnO on graphene. (b) STEM HAADF image of ZnO on graphene. (c) EEL spectrum 

obtained from the red circle in (b) of show oxygen K-edge and zinc L-edge of the ZnO monolayer on 

graphene. The inset figure shows the carbon K-edge from graphene. (d) EEL spectrum obtained from 

the blue circle in (b) of oxygen K-edge and zinc L-edge of the multilayer ZnO on graphene. Scale bars 

indicate 5 nm. 
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Figure 21.  Scanning electron microscope images of UV/Ozone-treated CVD graphene on SiO2/Si 

substrate. (a) SEM image of UV/Ozone-treated graphene on a SiO2/Si substrate after 20 ALD cycles of 

ZnO deposition. (b) SEM image of UV/Ozone oxidized graphene on a SiO2/Si substrate after 200 ALD 

cycles of ZnO deposition. The scale bar is 200 nm. 
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3.9. Compositional analysis of ZnO deposited on graphene by TOF-SIMS measurement

The compositional analysis of ZnO monolayer have been studied using Time-of-Flight Secondary Ion 

Mass Spectrometry (TOF-SIMS). Figure 22 shows TOF-SIMS elemental mapping and depth profile 

data of UV/Ozone-treated graphene on SiO2/Si substrate, 20, 100 and 200 ZnO by using ALD cycles. 

TOF-SIMS mapping were analyzed in the area of 300 μm by 300 μm (Figure 22a-c). These TOF-SIMS 

mapping results show yellow color for ZnO growth areas. ZnO coverages on graphene were improved 

as the ALD cycles increased (Figure 22a-c). TOF-SIMS depth profiles were analyzed in the area of 70 

μm by 70 μm (Figure 22d-f).  Depth profile spectra of 20 cycle ZnO monolayer nanoclusters disappear 

as soon as etched of Cs ion after few seconds (Figure 22d). In case of 100 cycles of ZnO has uniform 

growth on graphene substrate (Figure 22e). Figure 22f shows 200 cycles of ZnO thin film. The ALD 

technique is capable of growing uniform and high-quality thin films on a large-area graphene substrate.

Figure 22. TOF-SIMS mapping images and depth profiles of UV/Ozone oxidized CVD graphene on 

SiO2/Si substrate, 20 (a & d), 100 (b & e) and 200 (c & f) ZnO ALD cycles.
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4. Conclusion

In summary, we demonstrate the formation of ZnO monolayer on graphene, which is the thinnest 

heteroepitaxial layer of semiconducting oxide on monolayer graphene. The optimized UV/Ozone 

treatment enhances the hydrophilicity of the graphene substrate without deteriorating its electrical 

properties due to lattice damage, and enables the epitaxial growth of ZnO. Through ARTEM 

investigation, the ZnO monolayer on graphene is directly observed at the atomic scale and its 

heterostructure is confirmed through image simulation. Most notably, we clearly show the in situ atom-

by-atom growth of zinc and oxygen at the zigzag edge of the ZnO monolayer on graphene at the atomic 

scale. Both ARTEM observation and the calculation confirm that oxygen-terminated zigzag edges are 

more stable than zinc-terminated zigzag and armchair edges. We determine that two dominant 

misorientation angles (0° and 30°) are associated with the epitaxial growth of the ZnO monolayer on 

graphene and that the misorientation angle of 0° becomes more prominent as the ZnO monolayer grows. 

Moreover, we experimentally determine that the monolayer ZnO on graphene has a wide band gap of 

up to 4.0 eV, which is different from that of other ZnO nanostructures, due to the quantum confinement 

effect and the crystallographic structure. The heteroepitaxial stack of the thinnest 2D oxide 

semiconductors on graphene has potential for future optoelectronic device applications associated with 

high optical transparency and flexibility. This study can lead to a new class of 2D heterostructures 

including semiconducting oxides formed by highly controlled epitaxial growth through a deposition 

route.
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Chapter 4: Synthesis of high-quality monolayer graphene by low-power plasma

1. Introduction

Graphene, which is a single layer of graphite119, has attracted extensive attention because of its 

potential applications in transparent electrodes120-121 and electronic devices. Graphene has several 

extraordinary properties, including high carrier mobility85, 119, 122-123, high electrical conductivity 121, high 

transparency120, 124, and good thermal conductivity125-127. Thus, graphene is regarded as a key material 

for future applications85-86, 119, 122-123. Monolayer graphene has been synthesized extensively via 

mechanical exfoliation119, epitaxial growth on silicon carbide128-129, and chemical vapor deposition 

(CVD)130-132. Among these methods, CVD is superior for synthesizing large-sized graphene.

Plasma-enhanced CVD (PECVD) is advantageous for the controlled synthesis of high-quality graphene. 

The synthesis of various carbon nanostructures, including carbon nanowalls133-134, carbon nanotubes135, 

and nanosheets136-138, using PECVD has been demonstrated. Compared to thermal CVD, PECVD offers 

the advantages of high-density reactive gas atoms and shorter processing times139 and the prospects of 

a relatively lower synthesis temperature (<1000°C) and faster growth140-141. The quality of graphene 

synthesized by PECVD is highly influenced by plasma power. It highly affects whether hydrocarbon is 

dissociated, and it determines the concentration of precursors142. Additionally, nucleation density could 

be adjusted by modulating the plasma power. However, the concrete growth mechanism using PECVD 

is still in its infancy and a study of the effect of plasma on PECVD is essential.

We demonstrate the synthesis of high-quality monolayer graphene at 850°C on a copper foil using 

inductively coupled plasma chemical vapor deposition (ICP-CVD)139, 142-145. The temperature is 

optimized to synthesize high-quality monolayer graphene using ICP-CVD. This conventional 

temperature is used to synthesize graphene by ICP-CVD. Moreover, we synthesized high-quality 

graphene by ICP-CVD under 50 W, which is a quite low plasma power, although monolayer graphene 

sheets are generally synthesized under 600 W by ICP-CVD according to most recent studies. A low 

plasma power synthesis helps to obtain better quality of graphene by reducing the damage compared to 

a high plasma power synthesis, and various substrates can be synthesized using low plasma power. We 

mainly discuss the effects of plasma on nucleation and subsequent growth of graphene. The plasma 

influence the generation of hydrogen species by decomposing hydrocarbon feedstock, such as methane 

(CH4)143. The generated hydrogen species act as an etchant and determine the size and morphology of 

graphene. Furthermore, it activates surface-bound carbon to synthesize high-quality monolayer 

graphene146-147. Elucidation of the ICP-CVD growth kinetics is necessary to establish the workable 

synthesis of high-quality graphene using supercapacitors, electronic device, and transparent electrode 

applications.
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2. Experimental section

2.1. Graphene sample preparation

Graphene was synthesized by ICP-CVD on copper foil (99.8% Alfa Aesar, 13382). Copper foil was 

cleaned with H2O/HCl (10:1), rinsed with acetone and alcohol, and dried under ambient air. The 

substrate was placed in an ICP-CVD vacuum chamber, its temperature was increased from 25°C to the 

synthesis temperature of 850°C at a rate of 25°C/min. The temperature was optimized to synthesize 

high-quality monolayer graphene. Graphene was synthesized by ICP-CVD at this conventional 

temperature. Ar and H2 gas were flowed into the chamber at a flow rate of 100: 50 sccm. The base 

pressure of the chamber was maintained at 5 × 10−2 Torr. Before CH4 gas was introduced, the plasma 

system was allowed to stabilize for 1 min. After the CH4 gas was flowed at 1 sccm, 6 × 10−1 Torr of 

CH4 was introduced for various times. In addition, the plasma power was controlled from 0 to 200 W 

to investigate the effect of plasma. The system was then cooled down to 25°C under flowing 1 sccm 

CH4, 50 sccm H2, and 100 sccm Ar.

2.2. Graphene transfer

Graphene was transferred onto 300-nm SiO2 on Si substrate for surface characterization by scanning 

electron microscopy (SEM), Raman spectroscopy, and X-ray photoelectron spectroscopy and for 

incorporation into field-effect transistors, which were subsequently tested. A poly(methyl methacrylate) 

(PMMA) solution was spin-coated onto the graphene on copper foil. 

To etch the underlying copper foil, the spin-coated graphene was placed onto a solution of sodium 

persulfate (Na2S2O8) at a concentration of 5 g in 1 mL of deionized water. After the transferred specimen 

was dried in ambient air, the PMMA was dissolved with acetone for one day and the substrate was 

cleaned with isopropyl alcohol to yield a graphene film on the SiO2 on Si substrate. For the direct 

transfer, support was provided by the target substrate—specifically, by the carbon film of a transmission 

electron microscopy (TEM) grid. For the TEM characterization, graphene was directly transferred onto 

Quantifoil holey carbon TEM grids (SPI Supplies, 300 mesh, 1.2-μm hole size) using the direct transfer 

method.

2.3. Characterization

The domain sizes of graphene films on copper substrates were analyzed by SEM on S-4800 (Hitachi 

Instruments Inc.). Analysis by atomic-resolution transmission electron microscopy (ARTEM) was 

performed on an aberration-corrected transmission electron microscope (Titan G2 Cube 60-300 (FEI) 

installed at UNIST) operated at an accelerating voltage of 80 kV. Raman spectra were acquired with a 

WiTech confocal Raman microscope (He–Ne laser, λ = 532 nm). Electrical properties were measured 

using a physical property measurement system (PPMS, Quantum Design) in which the high-vacuum 
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and temperature conditions were controlled.

3. Results and discussion

3.1. Methane as an effective hydrogen source for monolayer graphene synthesis on Cu

CH4 is known to provide hydrogen species; however, the process of generating hydrogen species from 

CH4 requires its dissociation into active species143, 146-147. We compare the thermal and plasma CVD 

methods with respect to the synthesis of graphene from a CH4 source. In case of thermal CVD, the CH4

source is not dissociated in the gas phase at temperatures generally used for graphene growth 

(≤900°C)143, 148. In case of PECVD, >80% of CH4 is dissociated into other species such as H, H2, CH3, 

CH2, and C2H4 because the plasma provides additional activation energy. In particular, ICP-CVD is 

effective to synthesize less-defective and highly uniform graphene at a low temperature and a low 

pressure along with a high plasma density among various types of PECVD.

Figs. 1a–c show graphene growth at 850°C for 12 s under various plasma powers of 0, 50, and 200 W 

in Ar/H2/CH4 gas mixtures. The average domain size was 0.62 μm when the plasma power was 0 W; 

however, it sharply increased to 7.5 μm when the plasma power was increased to 50 W. It also sharply 

decreased to 2.5 μm when the plasma power was further increased to 200 W. Fig. 1d is a graph of the 

domain size as a function of plasma power. The domain size reaches a maximum at 50 W because of 

the increased amount of hydrogen species generated under the plasma power. Graphene synthesis is 

well known to be highly dependent on the contribution of hydrogen. The generated hydrogen species 

act as an etchant, and it determines the size and morphology of graphene. Furthermore, it activates the 

surface-bound carbon to synthesize high-quality monolayer graphene146. These catalyst and etching 

roles compete and influence the synthesis of high-quality graphene depending on the partial pressure of 

ambient H2. Under low plasma power (≤50 W), the domain size increases because of the catalytic 

function that hydrogen plays in high-quality graphene growth. However, under 200 W, the domain size 

is reduced, which is due to the etching effect by hydrogen. Fig. 1e shows the Raman spectra of graphene 

synthesized for 12 s at various plasma powers of 0, 50, and 200 W. Graphene synthesized at 50 W 

shows the lowest ID/IG ratio (0) and the highest I2D/IG ratio (1.88), indicating that the structural quality 

of this graphene film was substantially better than that of the films synthesized at 0 and 200 W. In 

addition, a single-Lorentzian 2D peak was measured. The high-quality monolayer graphene was 

synthesized without defects (Fig. 1e). Graphene synthesized at 200 W shows the highest ID/IG value 

(1.475) and the lowest I2D/IG value (0.69), indicating that this graphene film was synthesized in few 

layers and contained the most defects among the graphene films synthesized under different plasma 

powers.
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Figure 1. Graphene synthesized at 850°C for 12 s at plasma powers of 0, 50, and 200 W under an 

Ar/H2/CH4 gas mixture. (a)–(c) show SEM images of graphene domains synthesized at 850°C for 12 s 

at plasma powers of 0, 50, and 200 W under an Ar/H2/CH4 gas mixture. Scale bar is 5 μm. (d) Domain 

size of graphene as a function of plasma powers of 0–300 W. (h) Raman spectra of graphene synthesized 

for 12 s at various plasma powers of 0, 50, and 200 W.
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3.2. Domain size and graphene coverage on copper foil using ICP-CVD

Fig. 2a shows the domain size of graphene synthesized at 850°C according to growth time at various 

plasma powers of 0, 50, and 200 W in an Ar/H2/CH4 gas mixture. The growth time required to fully 

cover the copper foil varied with the plasma power. With increasing growth time, graphene domains 

continued to grow laterally and coalesced into larger domains at 0 W because of the catalytic function 

of hydrogen species for graphene synthesis143, 146-147. The average domain size was 0.62 μm when the 

growth time was 0.2 min; however, it sharply increased to 4.216 μm when the growth time was extended 

to 0.5 min. At 0 W, the graphene domain size increased nonlinearly with increasing growth time. The 

reduced domain sizes of graphene grown at 50 and 200 W are due to the etching effect of graphene by 

hydrogen143, 146-147. In the case of 50 W, the domain size of graphene tended to decrease until 5 min; it 

then sharply increased to 10 μm after 30 min. After 60 min, synthesized graphene was a monolayer that 

fully covered the copper surface. When the plasma power was increased to 200 W, the time required 

for full coverage was reduced to 30 min at 850°C. Also, the graphene domain size decreased until 1 

min of growth time but then sharply increased to 4.5 μm at 5 min and then increased to a graphene 

monolayer fully covering the substrate after 60 min. Overall, the lateral growth rate of graphene was 

promoted with increasing plasma power because of the increased amount of hydrogen species, which 

is attributed to the higher partial pressure of atomic hydrogen generated from hydrogen molecules by 

the ICP.

Fig. 2b shows graphene fully covered on copper foil according to growth time at different plasma 

powers. When the plasma power was 50 W, the copper surface was fully covered by graphene in 60 

min under Ar/H2/CH4 conditions. When the plasma power was increased to 200 W, the full coverage 

time was reduced to 30 min (Fig. 2b). The growth rate was accelerated with increasing plasma power, 

which also promoted the growth of a second layer, as shown in Fig. 4c.
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Figure 2. (a) Domain size of graphene and (b) Graphene coverage on copper foil as a function of growth 

time and plasma powers of 0, 50, and 200 W.
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3.3. Graphene synthesized at 850°C for 60 min at plasma powers of 0, 50, and 200 W with an Ar/H2/CH4

gas mixture

Fig. 3a shows SEM images of graphene synthesized at 850°C for 60 min at various plasma powers of 

0, 50, and 200 W in an Ar/H2/CH4 gas mixture. The growth time required to fully cover the copper foil 

again varied with the plasma power. When the plasma power was 0 W, graphene did not uniformly 

cover the copper foil, and the average domain size was 10 μm. Graphene grown under Ar/H2/CH4

conditions shows irregular, four-lobe-shaped domains. The graphene grown under plasma powers of 50 

and 200 W covered the copper foil uniformly and had similar morphologies with each other. Fig. 3b 

shows the Raman spectra of graphene synthesized at various plasma powers of 0, 50, and 200 W for 60 

min. The spectrum of graphene synthesized at 50 W shows the lowest ID/IG ratio (0) and the highest 

I2D/IG ratio (2.08), indicating that the structural quality of graphene was substantially improved 

compared with that of graphene synthesized at 0 W. The single-Lorentzian 2D peak indicates that 

graphene was a defect-free monolayer (Fig. 3b). ICP-CVD synthesizes graphene at a lower temperature 

and more rapidly compared with thermal CVD because plasma induces reactive gas atoms and radicals

of a higher density144.

For a plasma power of 200 W, the I2D/IG ratio reached approximately 1.42, which is in good agreement 

with the I2D/IG ratio of monolayer or bilayer graphene. However, the ID/IG ratio (0.5) is larger than the 

ID/IG ratio (0) of graphene grown at 50 W, likely because of defects resulting from inductively coupled 

plasma damage (Fig. 3c)149. The high intensity of the D peak (Fig. 3c) and the broader full-width at 

half-maximum (FWHM) of the 2D band (Fig. 3d) at 0 W suggest a gradual increase of disorder in 

graphene synthesized at 0 W.

3.4. TEM images of graphene on copper foil 

TEM images in Fig. 4 present graphene films synthesized at 850°C for 60 min on copper foil under 

Ar/H2/CH4 conditions according to the plasma powers of 0, 50, and 200 W. The films were transferred 

onto TEM grids to investigate how graphene grains were distributed through their diffraction patterns 

in conjunction with dark-field TEM technique (DF-TEM) to map the grain and grain boundaries of 

polycrystalline graphene films. Figs. 4a–c show grain-boundary maps superimposed on the 

corresponding TEM images of the graphene films depending on the plasma powers of 0, 50, and 200 

W by applying the DF-TEM, which distinguishes adjacent grains on the graphene films through the 

obvious contrast differences described in Figs. 4d–f. When the plasma power was 0 W, the grains of 

graphene film showed diverse orientation and the grain sizes ranged from 5 to 15 μm, as shown in Fig 

4a. The diffraction pattern in the inset of Fig. 4d suggests the existence of differently oriented grains in 

the graphene film. An ARTEM image in Fig. 4g also presents the monolayer graphene composed of 

different grains with 15° misorientation angle between grains 1 and 2. Figure 4b shows that the graphene 

grain size ranges from 5 to 10 μm on the monolayer graphene under our synthesis conditions at 50 W. 
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The diffraction pattern in the inset of Fig. 4e shows a small misorientation angle of 7° between grains 

1 and 2. Under 200 W, the graphene comprises larger grains ranging from 15 to 20 μm compared with 

the graphene synthesized at 0 and 50 W (Fig. 4c). 

Overall, the growth rate of graphene is promoted when the plasma power is increased because of the 

increased amount of hydrogen species caused by the higher partial pressure of hydrogen radical 

generated from hydrogen molecules by the ICP. However, the increased plasma power triggers the 

growth of second layer. As evident in Fig. 4f, the dark-field TEM image reveals two regions with an 

obvious contrast difference: Region 1 is monolayer graphene, whereas Region 2 is bilayer graphene. 

The ARTEM image in Fig. 4i also supports the coexistence of monolayer and twisted bilayer graphene 

with moiré patterns at the boundary between Region 1 and 2150. Graphene is uniformly synthesized as 

a high-quality monolayer film at 50 W via direct mapping of the grain distribution using ARTEM.
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Figure 3. Graphene synthesized at 850°C for 60 min at plasma powers of 0, 50, and 200 W with an 

Ar/H2/CH4 gas mixture: (a) SEM image of graphene on copper foil synthesized at 850°C in 60 min as 

a function of plasma powers of 0, 50, and 200 W. Scale bars indicate 20 μm. (b) Raman spectra of 

graphene films on SiO2/Si substrates, where the films were grown for 60 min at various plasma powers. 

(c) Intensity ratios of the D and 2D peaks to the G peak. (d) FWHM of a 2D band obtained from the 

single-Lorentzian fit.
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Figure 4. TEM images of graphene on copper foil synthesized at 850°C in 60 min under Ar/H2/CH4 

conditions and plasma powers of 0, 50, and 200 W. (a)–(c) Grain-boundary map with an overlaid 

background of the graphene TEM image of the samples deposited at plasma powers of 0, 50, and 200 

W, respectively. The yellow box represents dark-field image regions in Fig. 3(d)–(f). Scale bars indicate 

5 μm. (d)–(f) Dark-field TEM images of graphene taken from areas 1 to 2. The inset at the bottom-left 

corner shows the diffraction pattern of the image. Scale bars indicate 200 nm. (g)–(i) ARTEM images 

of graphene deposited with plasma powers of 0, 50, and 200 W, respectively. Scale bars indicate 1 nm.
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3.5. Electrical properties of graphene using ICP-CVD 

The electrical properties of graphene were also investigated through measurements of field-effect 

transistors (FETs). The FETs were manufactured to have a synthesized graphene channel (width = 200 

μm, length = 10 μm) between Au/Cr electrodes onto 300-nm SiO2 on Si substrate. Fig. 5a shows the 

current gate voltage curves of the graphene films synthesized in 60 min according to plasma power (50 

and 200 W). The type of carrier and the carrier concentration in the channel depend on the potential 

differences between the gates and channel. Negative gate voltages promote a p-type channel, and 

positive gate voltages lead to electron accumulation in the n-type channel151. The on–off ratios are 

approximately 4 (50 W) and 2.5 (200 W) in Fig. 5a. The points of neutral charge appear at 

approximately 32 V (50 W) and 25 V (200 W) in Fig. 5a. The shifted charge-neutral point demonstrate 

that some extrinsic hole-doping occurs in the graphene film, probably by residues from the PMMA or 

from the etching solutions143. The experimentally confirmed FETs channel mobility μ is

                              � =
�

��

���/�

���/�
,                                   (1)

where IDS is the drain–source current, q is the elementary charge, n is the carrier concentration, VDS is 

the source-drain voltage, W is the channel width, and L is the channel length measured from optical 

microscope for each device152, respectively. Fig. 5b shows mobility–carrier density curves for graphene 

films according to plasma power at 50 and 200 W. In the film deposited at 50 W, the mobility of 

graphene was found to be ~150 cm2/V·s at a carrier concentration of 1012 cm−2 and at a channel length 

of 10 μm. In the film deposited at 200 W, the mobility of graphene was approximately ~750 cm2/V·s at 

a carrier concentration of 1012 cm−2. We determined the dependency of the plasma power. In the sample 

deposited at 50 W, graphene was a monolayer, and its mobility was lower because of surface polar 

optical phonon scattering. By contrast, the mobility increased in the samples deposited at 200 W since 

the electric field of the surface polar optical phonon scattering was efficiently protected by the excessive 

graphene layer and because the mobility was governed by coulomb scattering153.
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Figure 5. (a) Current gate voltage curves of the graphene films synthesized in 60 min as a function of 

plasma powers of 50 and 200 W. (b) Mobility–carrier concentration curves of graphene films as a 

function of plasma powers of 50 and 200 W. The inset at the upper corner shows an optical image of a 

10-μm-long channel of an FET device using Au/Cr electrodes. Scale bar is 50 μm.
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4. Conclusion

In summary, we demonstrated a double role of hydrogen on the graphene growth with ICP-CVD on 

copper foil. Graphene is synthesized inhomogenously on the copper foil after 60 min without plasma. 

In contrast, it grows as a continuous film by covering the copper completely with either 50- or 200-W 

plasma, which is ascribed to activating surface-bound carbon for the growth of monolayer graphene. 

However, it takes the role of an etchant to manipulate the distribution of the graphene grains. Under 

low plasma power (≤ 50 W), the grain size of graphene is increased owing to the catalyst plays of 

hydrogen by activating surface-bound carbon for growth supported by the ARTEM investigation. 

Graphene is uniformly synthesized as a continuous high-quality monolayer film at 50 W via the direct 

mapping of the grain distribution using DF-TEM. By contrast, the grain size decreased under high 

plasma power over 50 W, which is ascribed to the etching role of hydrogen during the initial growth 

stage. It appears that the increased plasma power accelerates the growth rates along with promoting 

excessive layer growth. Therefore, the different grain sizes depending on the plasma power elucidates 

the growth kinetics of graphene associated with the role of hydrogen under ICP-CVD, which is in stark 

contrast to that under thermal CVD.

We think that our study provides insight to understand the kinetics of graphene growth under ICP and 

to control the synthesis of high-quality graphene applied to transparent electrodes and electronic devices.
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