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1. INTRODUCTION

Over the past decade, graphene research has attracted
increasing interest from researchers in physics, materials
science, chemistry, etc. Graphene consists of an unusual
single-layer honeycomb lattice of C atoms, which differs from
all other materials of this element. More specifically, the C
atoms of graphene are sp*-bonded and densely packed in a
crystal lattice. This closely resembles the basic building block
found in graphitic materials of different dimensionalities. It has
been demonstrated that graphene exhibits some special
characteristics, such as a high electron mobility of up to 230
000 cm? V™' s7! at low temperatures,” an exceptional thermal
conductivity approaching 5000 W mK™!® and superior
mechanical properties with a large Young’s modulus, exceeding
1.0 TPa,*” the latter being comparable to those of single-walled
nanotubes and even diamonds.

With these intriguing physical and chemical properties, it is
not surprising that graphene has been intensively investigated
to exploit its functions as a promising material for future
applications. Typical examples of graphene research focus are
(1) the synthesis of pristine graphene in inorganic chemistry,
(2) the chemical modification of graphene, (3) graphene
characterization (its properties and functions), (4) the
investigation of graphene—polymer composites, and (5)
graphene and inorganic materials either exclusively combined
or in integrated electronic systems with other components.

The fourth and fifth examples above demonstrate the
potential applications of graphene when conjugated with a
range of other materials. For example, in the case of
optoelectronic and electrochemical devices, inorganic semi-
conductors are potentially competitive candidates for exploring
micro- and nanoscale phenomena and studying the dependence
of functional properties on size and dimensionality. Indeed, due
to their low work functions, high aspect ratios, and high
mechanical stability, the inherent nanostructure design of many
inorganic semiconductors provides unique features for a diverse
range of systems used in electronic applications.6 In fact, it is
possible to build up an effective link between conventional
solid-state nanostructures and 2-dimensional molecular struc-
tures using hybrid materials of graphene and inorganic
semiconductors.” In this review, the focus is on the
heterogeneous structures of graphene and inorganic semi-
conductors. Of interest is the fact that, although the research on
nanostructures of C-based materials, for example, of carbon
nanotubes (CNTs),*” to prepare enhanced composites with
inorganic semiconductors was developed many years ago, little
was known about the atomically thin graphene sheets
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themselves. This is despite another fact that unrolled CNTs are
dimensionally equivalent to such sheets. About a decade ago,
systematic research on the single-layer structure of C atoms was
initiated in the Manchester laboratory of Geim and
Novoselov.'"” One of the reasons for using graphene with
inorganic semiconductors was to achieve large-scale integration
of nanoelectronic devices, based on conventional means, with
the continued scaling of the individual components.'’ When
restrained within nanoscale dimensions, graphene can demon-
strate the unique electronic properties of CNTs.'” This leads to
effective transport phenomena from the viewpoint of
electronics, allowing the composite systems of inorganic
semiconductors based on graphene to obtain prompted charge
transport. In addition, the creation of composite inorganic
semiconductor—graphene systems overcomes the inherent
disadvantages of bulk nanotubes, namely, their relatively low
tensile strength. In fact, even before the production of single-
layer graphene sheets was officially reported, research involving
graphene material on a semiconductor substrate (Si) had
already been achieved, not without any experimental support."

Sometime after the discovery of graphene, it became clear
that when a graphene nanosheet was combined with some
inorganic semiconductors, the zero-gap shortcomings that had
limited the electrical and optical characteristics of graphene
itself in potential applications, especially for high-speed
electronic devices, could be considerably reduced or even
avoided. Charge carriers in graphene demonstrate charge-
conjugation symmetry between electrons and holes and possess
an internal degree of freedom similar to “chirality” for
ultrarelativistic elementary particles, and this results in a gapless
graphene semiconductor.'* An electronic band gap in graphene
can be created by patterning graphene with size constrictions,
or introducing strain-induced curvature (disorder) directly onto
the graphene nanosheet. This can be achieved through
attaching nanoscaled materials, including inorganic semi-
conductors."”'® One valid question is how to effectively
connect the inorganic semiconductors with the graphene. In
fact, recent studies have shown that a great number of inorganic
semiconductors are compatible, to varying extents, with
graphene in forming hybrid materials. Since different methods
are used to produce the graphene, the compatibility between
graphene and the inorganic semiconductors changes drastically.
More relevantly, so do the optical and electronic properties of
the ensuing hybrid materials. In the case of revealing graphene
under a microscopic instrument, distinct yet interesting features
in visibility can be observed. Another interesting aspect is the
isolation of graphene onto the supporting substrates. The
characteristics of isolated graphene sheets, from different
sources, on semiconductor substrates can vary. The production
techniques, on the other hand, are related to the classified
groups and structures of the semiconductors. In addition, as
well as induced physical/chemical absorption, interactions
between some inorganic semiconductors and graphene with
respect to charge transport are also present. Charge carriers can
be activated in nanoscaled semiconductor structures typically
under light irradiation. The resulting electronic interactions
between the coupled semiconductor and graphene will trigger
efficient charge separation and transportation. With graphene
working as the electron conductor, the fate of these charge
carriers and the accompanying physical and chemical changes
in the semiconductor nanostructures can then be studied
without the issue of fast recombination.'”"® In the search for a
better understanding of such integrated graphene—semi-
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conductor systems, Raman scattering, a range of imaging
techniques such as atomic force microscopy (AFM), scanning
electron microscopy (SEM), and transmission electron
microscopy (TEM), and X-ray diffraction (XRD) measure-
ments have all yielded important information.

A perusal of the nanomaterial literature reveals that research
into hybrid graphene—inorganic semiconductor materials is a
relatively new interdisciplinary field where optoelectronic,
electrochemical, and photochemical methods as well as the
underlying theories are encountered. Recent progress confirms
that graphene is a rising star in the quest for new-generation
materials that are predicted to make an essential difference in
both the electronics and composite industries. In this review,
we put a particular emphasis on the chemical and physical
properties of the hybrid materials, focusing on the synthetic
conditions used. In addition, we categorize the hybrid materials
into relevant groups while discussing the interplay between the
inorganic semiconductors and graphene. This approach is
reflected through the main body of this review, in particular
where the diverse heterogeneous structures of graphene and
inorganic semiconductors in various functional devices are
concerned. Since the scope of this review is not limited to a
specific group of inorganic semiconductors, a wide range of
relevant research appealing to a broad range of readers is
covered. For example, on one hand, it should be of general
interest to researchers working on composite materials and
functional nanostructures because the review covers work
involving the combination of two (or more) constituent
materials with different chemical or physical properties, the
treatment of the resulting composite materials for a particular
function such as field emission or photocatalysis, as well as their
characterization. On the other hand, the composite materials
made of graphene and inorganic semiconductors are catego-
rized into groups with relevant examples, and this should attract
intense attention from those researchers whose activities are
focused on optoelectronic and electrochemical applications.

2. GROUP IV SEMICONDUCTORS (ELEMENTAL AND
COMPOUND) AND GRAPHENE

2.1. Silicon and Graphene

Although the replacement of Si by new materials has been
regularly predicted, and is to some extent even desired, progress
at the moment toward this goal shows that this is unlikely to
occur anytime soon."” Even as the nanotechnology for future
electronics is advancing rapidly, it is still reasonable to expect
that the use of Si will be enhanced for at least another decade or
so, with new add-on features on conventional Si platforms
dominating.20 For example, to date, graphene, with its excellent
electronic properties, has been intensively investigated with a
view to making combined nanoelectronic devices with Si'
Back in 2002, Hirono et al. deposited C films with remarkable
mechanical and electrical properties onto Si substrates."” The
resulting C films were then considered as graphene sheets due
to the fact that they had electron patterns similar to that of
graphite, although the evidence to show the existence of such
single-layer graphene sheets was yet to be enhanced by the
work of Geim and Novoselov in forthcoming years. The fact
that early achievements have driven further developments in
the field of graphene research makes it worthwhile to look at
the characteristics of such Si—graphene hybrid materials.

Eda et al. collected field emission data from randomly but
nonlaterally oriented graphene in polymer hosts. They noticed
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that only when the graphene sheets stood on their edges (not
lying laterally flat) on Si substrates could the advantage of high-
field enhancement be efficiently taken.”” It should be noted,
therefore, that the geometrical features of graphene play an
important role in the resulting electronic device performance.
Similarly, to investigate the field electron emission properties,
Pandey et al. fabricated both planar graphene and morpholog-
ically disordered graphene on p-doped Si substrates.” They
achieved this by transferring pregrown graphene synthesized
through thermal chemical vapor deposition (CVD) onto Cu
foil. The morphologically disordered graphene was shown to
have improved field emission properties compared with the
planar graphene. Of particular interest is the fact that the
maximum emission current density was increased by “a factor
of 500”. The planar graphene exhibited a maximum current
density of 0.007 mA cm ™ under an electric field intensity of
426 V um™', while the morphologically disordered graphene
sample reached 3.52 mA cm > It was argued that the
incorporation of morphological disorder, induced during the
transfer process, in the graphene created more emission sites
due to the additional defects, edges, and atomic-scale ripples.

It is worth noting that the additional transfer process of
graphene onto a substrate is frequently adopted, although it is
not always favorable. Likewise, Fan et al. assembled Schottky
junction solar cells by coating graphene films onto n-type Si
nanowire arrays. The resulting structures showed enhanced
light trapping and faster carrier transport compared with the
graphene/planar Si structure.”* The improved efficiency was
mainly attributed to the relatively large surface areas of the Si
nanowires and the suppression of reflectance caused by
periodic spacing among the nanowire structures. On one
hand, the Si nanowires not only provided direct pathways to
increase the charge carrier collection and transport for light
harvesting, but also suppressed the reflection of the Si—
graphene junction surface, compared with the bulk Si. On the
other hand, the graphene acted as a transparent electrode
favorable for collection of the photoexcited holes generated out
of the Si nanowires. This leads to the junction exhibiting high
optical absorption. The graphene they used was synthesized
employing a methane CVD method using Ni foils as the
substrate. Afterward, these were transferred to the top of the
array to make a junction. Xie et al. constructed Schottky
junction solar cells by transferring a single-layer graphene film,
which was also produced on a Cu foil (as the catalyst) via the
CVD method at 1000 °C by using a gas mixture of CH, and
H,, onto a Si nanowire array in turn prepared using a Ag-
assisted chemical etching method.” Jeong et al. made top
electrodes by transferring the graphene layer, grown on a Cu
substrate at 1000 °C using CH, gas, with the assistance of
poly(methyl methacrylate) (PMMA), onto vertical Si nanowire
bundles made from boron-doped p-type Si wafers.”® The
transferred graphene acted as a supporting layer for the further
deposition of an Al metal electrode. On the other hand, Yan et
al. recently managed to directly grow a bilayer of CVD
graphene on heavily doped Si wafers coated with a 500 nm
thick insulating layer of SiO,.”” This creates a possible pathway
for the scalable growth of bilayer graphene with direct
compatibility twith device construction. Another direct growth
technique for graphene on substrates was reported by Kumar et
al*® They fabricated vertical graphene nanosheets in a N,
plasma (with 20% CH,) on Si nanograss made from the Si
substrate in a CF, + O, plasma-based process.
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However, while the growth of graphene on metal (mainly Ni
and Cu) substrates was found to either follow the diffusion—
segregation—precipitation of C atoms (on Ni) or develop as a
consequence of a surface-adsorption process (on Cu),” the
growth mechanism of graphene on Si remains unclear. In a
relatively early paper, Shang et al. studied the direct growth of a
uniform multilayer graphene nanoflake film on a Si substrate.”"
They used a microwave-assisted plasma CVD method without
using any metallic catalyst or surface pretreatments. The grown
film exhibited sharp edges and a preferentially vertical
orientation relative to the Si substrates. The mechanism,
however, was not systematically shown. In a very similar way,
Hong et al. synthesized graphene on a silicon-on-insulator
(SOT) substrate without metallic catalyst.”” They suggested that
graphene growth on the Si surface followed a process involving
surface reaction, adsorption, decomposition, and accumulation.
It was also proposed, as shown schematically in Figure 1, that

In Hydrogen ~ S ——
= Silicon
A A A A 0‘\’ge|‘|
Higher Y
[ |_SO1 Substrate I ® Carbon
Temperature Dangling Bond}
In Argon( Ty » o 00’
o CHy4

Figure 1. Schematic of the graphene growth mechanism on the SOI
substrate. Reprinted with permission from ref 29. Copyright 2012 AIP
Publishing LLC.

when Si was heated at high temperatures (up to 1000 °C), the
surface oxide decomposed and the Si atoms became reactive
with free dangling bonds. Hydrogen could then react with and
remove SiO, at the surface. When CH, was adsorbed onto a
clean active Si surface, it was found to crack into C atoms at
high temperatures. The Si dangling bonds would then stick
strongly to the C atoms, so that the surface-adsorbed C atoms
no longer moved freely on the Si surface but instead
accumulated to form graphene. It was also observed that
although hydrogen could be replaced by argon for graphene
growth, the SOI surface seemed to be much less reactive.

In view of the importance of inherent geometrical features, it
is not surprising that these are relevant, not only in field
enhancement, but also in some other Si—graphene-related areas
such as in high-performance lithium ion batteries. From an
efficiency point of view, Si-based materials are believed to be
suitable for making Li ion battery anodes because each Si atom
can accommodate 4.4 Li atoms. In theory, this leads to a
specific insertion capacity of 4200 mA h g~', which is
considerably higher than that of the graphitic counterpart
(~372mAh g_l).33’34 However, Si suffers from a large volume
change of more than 300% during Li alloying and dealloying,
and this frequently results in structural pulverization and
electrical disconnection from the current collector, leading to a
rapid decline in cell capacity.” Recent studies have shown that
Si nanowires can accommodate large strains without pulveriza-
tion, provide good electronic contact and conduction, and
display short Li insertion distances.*>*® Furthermore, it has
been demonstrated that modification of Si nanostructures with
C materials can provide enhanced mechanical support and

DOI: 10.1021/cr400607y
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Figure 2. (a) SEM micrograph of the vertically aligned Si—C nanocable array synthesized on a Si substrate. The inset corresponds to the Si—C
nanocables separated from the substrate. HRTEM images show Si—C nanocables with 50 nm (b) and 20 nm (c) thick shells. The lattice-resolved
TEM images and Fourier-transformed electron diffraction patterns (insets) confirm the crystalline graphitic layer shells (d) and the single-crystalline
Si nanowire core (e) with the [100] growth direction. (f) Electron energy-loss spectroscopy (EELS) spectra show the N contents of 3% doping and
10% doping in the graphitic layers. Reprinted from ref 32. Copyright 2011 American Chemical Society.

efficient electron-conducting pathways.””** To understand the
detailed mechanism for modifying Li ion batteries and with a
view to extending the range of applications of C-containing
nanostructures, Cho et al. sheathed pregrown (through metal-
assisted chemical etching) Si nanowires with shell-like graphitic
layers using CVD.” They suggested that increasing the
thickness of the undoped graphitic layers from 20 to 50 nm
should lead to an increase in the charge capacity of the Li ion
battery from 800 to 1040 mA h g™' after 45 cycles. The
thicknesses of the graphitic layers were controlled by adjusting
the deposition time. As shown in Figure 2a (the inset shows the
SEM image of the Si—C nanocables separated from the
substrate), Si—C core—shell nanocable (or nanowire) arrays
were vertically aligned on Si substrates. The high-resolution
TEM (HRTEM) image shows the homogeneously coated
graphitic layers on the Si nanocable core (diameter about 80
nm) with thicknesses of about 50 nm (Figure 2b) and 20 nm
(Figure 2c). Parts d and e of Figure 2 show the lattice-resolved
images of the C shell and the Si core, respectively, for a selected
20 nm thick Si—C nanocable. For the nitrogen-doped graphitic
layers that were deposited on the Si nanowire arrays with a N
content of either 3% or 10%, the structures were reported to be
quite similar to those of the Si—C nanocable reference samples.
Nevertheless, the authors noted that doping of C materials
further enhanced the charge capacity of the Li ion batteries.
That is, a 3% N-doping in the 50 nm thick shell increased the
charge capacity by 21% (i.e., to 1260 mA h g'), whereas a 10%
N-doping in the 20 nm thick shell increased it by 36% (i.., to
1090 mA h g'). The electron energy-loss spectroscopy
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(EELS) spectra of these samples show their N content in the
relevant graphitic layers (Figure 2f).

Given that graphene, as the conducting and buffering matrix,
can greatly improve the capacity of Li ion batteries, it is,
however, important to be aware of an alternative way to ensure
the interaction between the graphene sheets and the electro-
active material. When Si is present in the form of nanoparticles,
rather than relatively “large” wafers, anchoring the nanoparticles
to the surface of the graphene sheet appears to be necessary to
maintain good structural stability and electron conduction of
the Si electrode during discharging and charging. Lee et al
prepared composites consisting of Si nanoparticles (H-
terminated, <30 nm) and stacks of graphene sheets to form
anodes for use in Li ion batteries.”” In their work, suspensions
of graphene oxide (GO) were prepared by oxidizing graphite
and then added into Si dispersions (in water). Afterwards the
mixture was suction filtered and settled, in a specified order, to
form self-standing Si—GO composite papers. Figure 3a shows
the SEM image of the Si—GO composite with a stack of GO
sheets. As can be seen in Figure 3b, after reduction of GO (in a
flow of 10% H, in Ar), the sheets appeared crumpled and
pockets of void space were visible. The sheetlike morphology is
also observed in the TEM image of the composite (Figure 3c).
It was reported that electrodes with high storage capacities of
2200 mA h g7!, after 50 cycles, were obtainable from these
composites, provided that the Si nanoparticles were well
dispersed between the GO sheets and the portions of the GO
sheet stacks reconstituted to form a network of graphite, as
shown in Figure 3d.

DOI: 10.1021/cr400607y
Chem. Rev. 2015, 115, 8294—8343
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Figure 3. (a, b) Edge-view SEM images of Si—GO and Si—RGO
composite papers: (a) Si—GO; (b) Si—RGO. (c) TEM image of the
Si—RGO composite paper. (d) Cross-sectional schematic showing a
network of graphite (red) anchoring regions of graphene-Si composite.
Blue circles: Si nanoparticles; black lines: graphene sheets. (e, f) TEM
images of the Si—Ph—G nanocomposite: (e) X15000; (f) x100000.
Images a—d reprinted with permission from ref 39. Copyright 2010
Royal Society of Chemistry. Images e and f reprinted with permission
from ref 40. Copyright 2012 Royal Society of Chemistry.

However, Evanoff et al. claimed that the high surface area of
graphene used in these composites would lead to large
irreversible capacity losses, and therefore, they employed a
vapor deposition method (low-pressure decomposition of high-
purity SiH,) to sznthesize porous Si- and graphene-containing
nanocomposites.”’ The nanocomposites thus obtained were
found to have a reduced surface area: the specific surface area,
from 940 m* g™" of produced graphene to S m* g™' of produced
composite, was reduced by over 100 times. The anode which
was composed of the nanocomposite particles exhibited a
specific capacity in excess of 2000 mA h g™" at a current density
of 140 mA g~' and also exhibited a stable performance for 150
cycles. Yang et al. reported that when Si nanoparticles of 50—
200 nm size were covalently bound to graphene (G) sheets via
phenyl (Ph) linkers using diazonium chemistry, the Si—-Ph—G
nanocomposites obtained, as shown in parts e and f of Figure 3,
delivered a capacity of 828 mA h g™ for up to 50 cycles, at a
current density of 300 mA g~.*" The electrodes exhibited a
reversible capacity of 350 mA h g™" in the 40th cycle at a rate of
4000 mA g™, It was argued that the covalent linkages between
the Si nanoparticles and the graphene sheets ensured a fast and
stable kinetics for the Si electrodes by maintaining structural
integrity and high electronic conduction during the cycling
process. This type of research strategy is also frequently
adopted in fabricating graphene composites with other
semiconductor materials. These will be discussed in subsequent
sections.

8298

2.2. Silicon Dioxide (SiO,) and Graphene

To observe and optimize the growth conditions, it is necessary
to map and characterize large areas of graphene during the
device fabrication. However, the correct identification of
graphene on a sample using ordinary optical microscopy is
dependent on the nature of the substrate, unless additional
imaging modes are suitably employed.”” In fact, the only way
the graphene sheets reported in early research papers could be
isolated was to cleave the graphite onto an oxidized Si wafer,
which could then be scanned using an optical microscope to
observe the deposited graphene.*® This is an important reason
to explain the fact that, in ensuing studies, SiO, has been
frequently used for the observation and investigation of
graphene,**~*" in addition to its role as the usual dielectric
substrate utilized in device applications. It has been shown that
the visibility of graphene appears to depend strongly on both
the thickness of the SiO, substrate and the wavelength of the
light.43 That is to say, although in theory graphene can be
isolated for any thickness of SiO,, it has been claimed that 300
and 100 nm are the most suitable for visual detection. In
practice, as has already been reflected in the relevant references
above, a Si wafer with a 300 nm SiO, layer on top has been
widely used to support graphene. However, the mobility of
graphene on SiO, at low and room temperatures is limited by
scattering, due to either the extrinsic charged impurities in the
substrate, which are the dominant factor limiting the mobility
for a certain temperature (e.g, 400 K), or the intrinsic
temperature-dependent resistivity."® If the charged impurity
scattering is reduced, room-temperature mobility, limited by
the extrinsic scattering due to SiO, phonons, could be
significantly improved. With optimal fabrication of the SiO,
substrates, which is still a challenge at this stage, the mobility of
graphene under regular working conditions should be
approaching the limit, and therefore, this in turn should
enhance the application of graphene. Alternatively, it is possible
to suspend the graphene sheet(s)*~" on top of SiO, either to
avoid contact with the substrate®” or to tune the tension of
graphene.” Experimental results have demonstrated that the
morphology of the substrate plays a crucial role in the extrinsic
strain-induced disorder in graphene and its effect on transport
properties.”* In contrast, the high mobilities obtained for
suspended graphene samples relative to nonsuspended samples
are attributed to the absence of impurities caused by substrate
effects.”>> The use of controlled substrate morphologies thus
gives rise to a potential approach to controlling the impact of
atomic-scale defects on the nanoscale transport properties of
graphene. Nevertheless, in spite of the extrinsic scattering
caused in graphene through the contact with SiO, substrates,
modified SiO,/Si substrates can provide decent charge carrier
mobilities for graphene.”” Also, it has been experimentally
shown that graphene sheets exfoliated on SiO, still conduct
heat rather efficiently, considerably better than common thin-
film electronic materials.’® Thus, SiO, holds an important
position in producing functional devices where graphene needs
to rest on Si with an insulating layer. Hence, it is briefly
discussed here even though conventionally SiO, is not
categorized as a semiconductor.

2.3. Silicon Carbide (SiC) and Graphene

SiC demonstrates many technical advantages as an excellent
member of the group IV semiconductors. Among its various
crystalline forms, the hexagonal 4H- and 6H-SiC polytypes
have wide energy band gaps of 3.3 and 3.0 eV, respectively.”’

DOI: 10.1021/cr400607y
Chem. Rev. 2015, 115, 8294—8343
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However, although it was shown already in the 1970s”" that an
ultrathin graphitic film (similar to few-layer graphene) could
grow on SiC, production of single-layer graphene on 4H-SiC*>’
and 6H-SiC* has only been reported recently. Clearly, progress
was limited by the fact that, as mentioned earlier, single-layer
graphene sheets were only officially discovered in 2004.
However, one thing that is worth mentioning here is that
graphene grown on SiC shows epitaxial characteristics, and
these are quite different from those of mechanically exfoliated
graphene. The basic mechanism for growing epitaxial graphene
on SiC is simply to heat the substrate (in vacuum or an inert
atmosghere) to temperatures typically in the 1200—1800 °C
range. 7 Under these circumstances, Si atoms desorb from the
surface (shown along the arrows in Figure 4a), and the

@ (0o01) 7>1200°C  (b)
Si Face e
i. 1 1 1 ]
4H-SiC n=102em2|
¥ ==
Bilayer
C Face k
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Figure 4. Schematic structure of SiC and growth of epitaxial graphene.
(a) 4H-SiC. Yellow and green spheres represent Si and C atoms,
respectively. At elevated temperatures, Si atoms evaporate (arrows),
leaving a C-rich surface that forms graphene sheets. (b) At a typical
growth temperature, few graphene layers are formed on the Si-
terminated face (top), with substantially more on the C-terminated
face (bottom). (c) Epitaxial graphene (EG) on 6H-SiC (0001) (Si-
terminated face): layer 0, carbon-rich buffer; layer 1, first layer with
essentially a graphene electronic structure; layer 2, second graphene
layer. Images a and b reprinted with permission from ref 57. Copyright
2010 Cambridge University Press. Image c reprinted with permission
from ref 62. Copyright 2008 American Physical Society.

remaining C atoms rearrange to form graphene sheets.
Basically, the epitaxial graphene is grown on either the 0001
(Si-terminated) or 0001 (C-terminated) faces of 4H- and 6H-
SiC when crystals are heated in ultrahigh vacuum (UHV). It is
even possible to grow graphene under moderate vacuum
conditions using an oven with a controlled background gas.”"

It is, however, necessary to be aware that the growth of
graphene films on Si-terminated surfaces is fairly different from
that on C-terminated surfaces. For a given temperature, as is
frequently applicable under UHV, the graphene films grow
faster on C surfaces than on Si surfaces.”” Figure 4b shows that,
at a typical growth temperature, very few graphene layers are
formed on the Si-face, while many more are formed on the C-
face. On one hand, for thin layers, the graphene thickness can
be estimated by calculating the ratio of the measured Auger
electron intensities of the Si (at 92 eV) and C (at 271 eV)
peaks,'>®" respectively, on the basis of the Auger electron
spectroscopy (AES) analysis of energetic electrons emitted
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from the excited atoms by an impinging electron beam (3 keV
incident energy).63 On the other hand, the thickness of
multilayered 6grafhene films can be measured via conventional
ellipsometry. Y% In any case, scanning tunneling microscopy
(STM) is frequently used to display the characteristic graphene
images, and surface X-ray reflectivity and low-energy electron
diffraction are the processes of choice for probing rotation or
distortion of domains, if required.”” Figure 4c shows a structure
of EG/SiC after growth on 6H-SiC (0001) containing a step.
The feature that graphene growth fits both the Si-terminated
and C-terminated surfaces of SiC indicates that the graphene
layer close to the SiC interface is electron-doped typically at a
capacity of 10" cm® V™! s7! due to the electric field E at the
interfaces.”” Furthermore, the overlayers approach charge
neutrality quickly and turn out to be essentially undoped.
This is attributed to the fact that the charge density decay
length (the charge screening length) is assumed to be
approximately the distance of the layer of graphite®” or one
graphene layer.”® It has been shown experimentally that the
growth of graphene on Si-faces is slow and terminates after a
relatively short time at high temperatures.61 However, growth
on C-faces can cause thick layers to form (from ~S up to 100
layers). Also, the interaction between the first C plane and the
SiC surface is comparatively much weaker on C-faces than on
the Si-faces of the substrate.® This is an important contributing
factor to the relatively free rotation of large graphene sheets
with respect to each other, during the graphitization, and the
lock-in, on average, to preferred orientations on the C-faces of
SiC substrates.”’ Therefore, it is worth noting that epitaxial
graphene grown on a substrate shows characteristics different
from those of exfoliated graphene deposited onto a substrate.
The mechanically exfoliated graphene has to be one layer only
to keep its form and shape, while epitaxial graphene is more
complex and generally shows a multilayered structure,
especially on the C-face. Furthermore, it is essential to realize
that epitaxial graphene is not simply ultrathin graphite,
although it consists of stacked graphene sheets, because only
the first layer of graphene at the interface is highly charged and
the succeeding layers show rather lower charges.

Also, since mechanically exfoliated graphene flakes lack
precise and scalable control over the structures, which is most
undesirable in electronic devices, epitaxial growth of graphene
on substrates has attracted increasing attention.®” Following the
pioneering work of Forbeaux et al. in demonstrating that
millimeter-sized bulklike single-crystalline graphite could be
formed as epitaxial thin films on a 6H-SiC (0001) wafer by
thermal annealing in a vacuum,” Berger et al. produced
ultrathin epitaxial graphite films.'”> These were typically
composed of three graphene sheets, made through thermal
decomposition on the Si-terminated surface of 6H-SiC.
Transport measurements were performed at a temperature of
4 K on the “few-layer graphene” samples obtained, and the
results suggested that the quantum Hall effect could be
observed at lower temperatures, at higher fields, or in ultrathin
graphite films of only slightly higher mobility. Thus, the
practical feasibility of electronic device applications based on
nanopatterned epitaxial graphene has been demonstrated, and
hence has boosted the development of research in the field.

Recently, research has been directed at tackling the challenge
of the scalable integration of graphene into a practical circuit.
Lin et al. fabricated field-effect transistors (FETs) on a 2 in.
graphene wafer, as shown in Figure 5a.°” The wafer was
epitaxially formed on the Si-face of 4H-SiC (0001) in a UHV
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Figure 5. (a) Image of devices fabricated on a 2 in. graphene wafer and schematic cross-sectional view of a top-gated graphene FET. (b) Schematic
illustration of a graphene mixer circuit. The critical design aspects include a top-gated graphene transistor and two inductors connected to the gate
and the drain of the graphene FET. Image a reprinted with permission from ref 69. Copyright 2010 American Association for the Advancement of
Science (AAAS). Image b reprinted with permission from ref 70. Copyright 2011 AAAS.

chamber through thermal annealing at 1450 °C. The graphene
grown exhibited an electron carrier density of ~3 X 10" cm™?,
and the Hall-effect mobility was between 1000 and 1500 cm?
V™' 57!, which enabled the transistors to be operated at high
frequencies, up to 100 GHz. They further developed wafer-
scalable processes to fabricate arrays of graphene analogue
circuits which individually consisted of one graphene transistor
and two inductors and were compactly integrated onto single
SiC substrates.”’ This is schematically shown in Figure Sb. The
integrated circuit was verified as capable of operating as a
broad-band radio frequency mixer at frequencies up to 10 GHz.
It exhibited remarkable thermal stability with little reduction in
performance (less than 1 dB) between 300 and 400 K. Such
integration techniques are expected to develop further to bridge
the technological gap between a single device and a practical
graphene circuit on a wafer scale. In addition, the integration
process of graphene devices mentioned above was shown to be
possibly applicable to CVD graphene. This would of course, if
successful, extend the possibility of producing high-quality
uniform graphene layers on large SiC or some other semi-
insulating substrates. The CVD growth of epitaxial graphene on
SiC is achievable with a certain thickness and direction. This
avoids the disadvantage of the growth on metals caused by the
limitation that electronic applications require graphene to rest
on an insulating substrate. As for the sublimed graphene, the

! as well as the defects

atomic step edges of SiC substrates’
present on the SiC surface, where Si sublimation starts,
especially at dislocations, are most likely to get the graphene
pinned to the SiC surface at many randomly distributed
points.”> The edges prohibit the formation of a homogeneous
graphene monolayer and its larger extension, although
graphene layers can still be continuous.”” In the case of the
CVD process, the nucleation sites of graphene layers seem to
be connected with atomic steps on the SiC surfaces, thus
enabling “step-flow” epitaxy.”” Provided that the thermal
treatment of the substrate prior to the growth is sufficient,
this could open up another possible approach to the production
of decent-quality epitaxial graphene on semi-insulating SiC for
device applications.
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3. GROUP II-VI SEMICONDUCTORS AND GRAPHENE

It is generally accepted that the relationships between the band
gap energy and the size of semiconductor particles (quantum
dots) show that any decrease in particle size results in an
increase of the band gap due to quantum confinement.”*”> This
is also true for many group II-VI semiconductors, such as ZnS
and CdS; the result is a shift of the absorption threshold when
the size of the quantum dots (QDs) is adjusted.76 Thus, the
unique optical and electronic properties arising from such a
quantum confinement of electrons make the group II-VI
semiconductors potentially useful for a range of applications.
Commonly adopted group II-VI semiconductors such as ZnO
and ZnS exhibit relatively wide band gaps. When they are
combined, either respectively or collectively, with graphene,
whose potential applications, despite excellent electrical and
optical characteristics, are restricted because of its zero
gap,"*™'¢ the hybrid nanostructures formed should offer more
adaptable functions with improved performance compared to
the individual materials.

3.1. Zinc Oxide (ZnO) and Graphene

ZnO is a wide band gap (3.2—3.4 eV) semiconductor that
possesses an energy-band structure and physical properties
similar to those of TiO,. It has, however, higher electronic
mobilities, 205—300 cm* V™' 57" for bulk ZnO and 1000 cm?
V!s7! for single nanowires, which should prove favorable for
electron transport.”” It has been reported in a wide range of
forms, nanowires, nanorods, and nanotubes, acting as a
constituent in a range of functional nanodevices. An additional
advantage is that ZnO can be fabricated in a transparent form,”®
and therefore is potentially useful for optoelectronics
applications.””® When ZnO is used in graphene composites,
it creates an opportunity for an enhancement of the properties
of both materials and hence their feasibility for use in various
devices.

Kim et al. managed to grow nanoneedle and nanowall ZnO
structures on few-layered graphene sheets.”’ These graphene
sheets were mechanically exfoliated and then transferred onto
SiO,/Si substrates, using a metal—organic vapor-phase epitaxy
(MOVPE) method without the need for a catalyst. The authors
demonstrated that the aspect ratio and density of the
nanostructures, which could be aligned either in rows or
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vertically (presumably due to the enhanced nucleation at the
graphene step edges), strongly depended on the growth
temperature. Also, the optical qualities of the resulting ZnO
nanostructures on the graphene layers were investigated using
photoluminescence (PL) spectroscopy performed at 17—200 K.
PL is the spontaneous emission of light, which is selective and
extremely sensitive to discrete electronic states, from the
sample under optical excitation.”” The intensity of the PL signal
provides information regarding the quality of the surfaces and
interfaces. To ensure high PL intensity and spectral resolution,
PL measurements are generally performed at relatively low
temperatures as the fraction of radiative recombination of
excitons is considerably higher than that of the nonradiative
recombination of excitons. When it comes down to high-quality
ZnO nanorods, in a typical PL spectrum, sharp peaks in the
vicinity of band edges at 3.359—3.376 €V have been observed.”’
It was, therefore, suggested that high-quality ZnO nanostruc-
tures were able to be grown on graphene layers.”’ This
conclusion was reached as a result of spectral analyses (as
mentioned above and in Kim et al’s work®) of the observed
free exciton PL peak at 3.376 eV in the spectra of the ZnO
nanostructures grown on the graphene layers. Meanwhile, no
C-related defect peak occurring at 3.356 eV due to the C—O
cluster (acceptor) exciton emission®"** was observed. Accord-
ingly, as in the case of the grouping of 2-dimensional graphene
and 1-dimensional ZnO, the compatibility of growing ZnO on
graphene layers has been greatly exploited to construct well-
aligned 3-dimensional nanostructures. Such structures impart a
substantial contribution toward integrating multifunctional
attributes into a relevant device.

Indeed, the 1-dimensional materials for their part provide a
significant enhancement in mechanical flexibility and optical
transparency, while their single-crystalline structures hold
promise for high-performance devices. In addition, it has
been observed that 2-dimensional graphene thin layers also
show optical transparency.””*® Therefore, when judiciously
assembled, the hybrid structures are likely to simultaneously
exhibit outstanding electrical conductivity, optical transparency,
and mechanical flexibility. This has been demonstrated through
the research work of Lee et al.*® They formed regular arrays of
ZnO nanorods on few-layered graphene films, as schematically
shown in Figure 6. The key steps in the overall fabrication
process included the synthesis of graphene, grown using CVD
methods on Ni-coated SiO,/Si substrates, then transfer of the
graphene onto new substrates, and finally low-temperature
(within 80—180 °C) selective growth of ZnO nanorods on the
graphene. The growth was performed using two approaches:
using holes in the graphene as a growth mask and using seed
patterns on the graphene. Poly(methyl methacrylate) (PMMA)
layers were coated on top of graphene to minimize the
mechanical fracture during the transfer. Afterward, it was
removed through dissolution or etching. Using similar synthetic
conditions, it is possible that graphene can be used as the
transparent flexible electrode in hybrid ZnO-—graphene
structures. Such 1-dimensional ZnO nanostructures can be
configured as transparent and flexible to perform as the
functional components in optoelectronic devices. If they are
constructed in tubular structure form, then these 1-dimenional
ZnO nanostructures, due to the larger specific surface area and
higher porosity, are expected to offer higher performance,
relative to ZnO nanorods, in PL and relevant applications such
as solar cells and sensors. Recently, Xu et al. electrodeposited
single-crystal ZnO nanotube arrays directly onto a single-layer
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Figure 6. Schematic representation of the fabrication process used to
obtain the hybrid architectures of ZnO nanorods and graphene. (a)
CVD synthesis of graphene. (b) Free-standing PMMA/graphene by
selective etching of the underlying SiO, and Ni layers. (c) Growth of a
ZnO nanorod array using holes in graphene as a growth mask involves
the following: (i) graphene transfer to a glass substrate coated with a
textured ZnO seeding layer, (i) patterning a regular array of holes in
graphene by photography and dry etching, and (iii) selective growth of
ZnO nanorods via the holes in the photoresist/graphene growth mask.
(d) Growth of a ZnO nanorod array using seed patterns on graphene
involves the following: (i) graphene transfer to a plastic substrate, (ii)
defining an array of ZnO seed patterns, and (iii) selective growth of
ZnO nanorods. Reprinted from ref 86. Copyright 2009 American
Chemical Society.

graphene electrode.”” The latter was grown on a Cu foil
through CVD and subsequently transferred to a glass slide by
virtue of a PMMA coating. The transmittance of the nanotubes
thus obtained on the graphene/glass electrode was above 75%
over the entire visible range.

Since, as discussed above, planar graphene is capable of
remaining transparent at room temperature, and maintaining
high carrier mobility approaching 15000 cm® V! s77"*% it is a
potential built-in “window electrode” for optoelectronic
devices.” In light of the high mechanical elasticity of graphene
(corresponding to a Young’s modulus, E, of around 1.0 TPa for
the bulk graphite, assuming an effective graphene thickness of
0.335 nm),” it is possible to realize rollable transparent
piezoelectric energy-harvesting devices using CVD-grown
graphene as the transparent electrodes on flexible polymer
substrates.”” This is shown in Figure 7 where the ZnO
nanorods on the transferred graphene were synthesized at a
relatively low temperature of 95 °C using the aqueous solution
method. Given the smooth surface morphology and the atomic
structure of graphene, vertical growth of well-aligned 1-
dimensional ZnO nanorods was initiated. Following similar
strategies, PDMS too can be used to prepare mechanically
flexible, electroconductive, and optically transparent substrates
that are suitable for graphene to grow vertical ZnO nano-
wires.”® In this case, graphene was produced through the
chemical exfoliation of natural graphite, namely, the modified
Hummers method, which includes sonication, subsequent
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Figure 7. Graphene-based rollable transparent nanostructure. (a)
Graphene sheet prepared through CVD on a 4 ft Ni-coated SiO,/Si
wafer. (b) Transparent graphene sheet transferred to a flexible
polymer substrate. (c) ZnO nanorods on the transferred graphene
sheet. (d) Integrated rollable graphene-based nanostructure. Reprinted
with permission from ref 90. Copyright 2010 John Wiley and Sons.

dialysis, and reduction.”*”* Generally, depositing 1-dimensional

ZnO nanostructures on 2-dimensional graphene exhibits
reasonable temperature compatibility and mechanical flexibil-
ity.”® The integration of vertical ZnO nanorods/nanowires/
nanotubes and graphene is advantageous in overcoming the
limitation of hard flat substrates for the purpose of making
flexible multifunctional devices.

Nevertheless, while it is viable to fabricate functional
components of ZnO on graphene layers, it is extremely
important that the dimensions, distributions, and morphologies
of the nanostructures, which preferably should be directly
grown on the substrates without degrading the electrical
properties of graphene, be controlled. In fact, when the ZnO
nanostructures are fabricated through hydrothermal methods
on few-layered graphene, whether the resulting forms are
nanorods, nanodisks, nanoflowers, or others clearly depends on
the growth temperature, molar concentration, and pH of the
nutrient solution.”” Particularly, for 3-dimensional heteroge-
neous nanostructures, the morphology of ZnO on the graphene
layers fabricated via CVD has been shown to be highly
dependent on the growth temperature.”® However, it is still
possible, to some extent, to orient low-dimensional ZnO
nanostructures on graphene-related materials with the
assistance of catalysts. For example, Au catalysts, acting as
nucleation sites, have been used to assist the alignment of
vertical ZnO nanostructures, from pure nanowires to pure
nanowalls.”” These were directly grown on graphene, while the
length of the ZnO structures was found to increase with the
growth time. Once the low-dimensional nanostructure on 2-
dimensional graphene is well controlled, it can serve as a
template for diverse applications in optoelectronics, electronics,
and photovoltaics. Specifically, precise control of the position of
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the individual ZnO nanostructures on graphene is a great
advantage for flexible transparent display applications.
Randomly formed ZnO nanostructures on graphene are
avoided to a large extent by controlling the nucleation sites.
This clearly offers a practical manipulation of the individual
nanostructure. It has been experimentally demonstrated that 1-
dimensional ZnO nanostructures can be selectively grown on
mechanically exfoliated graphene (on Si substrates with SiO,
layers of 300 nm on the top).'”” This is achieved by using
conventional e-beam lithography and metal—organic vapor-
phase epitaxy (MOVPE). Here the preferred ZnO nucleation
sites are found at the step edges of the graphene because of
their locally higher chemical reactivity.

Also, as previously indicated, single-layer graphene films
show fairly good field emission properties, with a large field-
enhancement factor of ~3700, a low turn-on field, E,, of 2.3V
um™' at 10 gA cm™? and a low threshold field, E,,, of 5.2 V
pm~" at 10 mA cm™2'? These results are based on randomly
oriented graphene sheets with a lot of sharp edges almost
normal to the substrate because of the stiffness. Since a large
amount of emission sites are needed for enhanced emission to
switch on at low field values,'* it is believed that these edges of
single-layer graphene act as active emission sites.”” More
recently, Pandey et al. reported a dramatic increase in the
maximum current density of morphologically disordered
graphene with respect to planar graphene by a factor of
500.>* The turn-on electrical field, on the other hand, remained
similar (2.26 V um™) to that of the single-layer graphene
mentioned above. The incorporation of morphological disorder
in graphene was found to involve additional edges and defects,
which in turn created more emission sites. However, the
randomly distributed graphene sheets or edges on the
substrates are not extremely desired in those devices or systems
demanding a series of stable performances in field emission
properties. ZnO-based nanostructures with high surface to
volume ratios, such as ZnO nanowires, are also considered
credible candidates for field emission applications because of
their chemical stability, as well as their oxidation resistance.
This is especially true when they are well aligned on the
substrates.'*"'* Now that graphene is a promising material for
field emission applications because of its low aspect ratio,
chemical stability, and excellent electrical conductivity, the ZnO
nanowires or nanorods after incorporation can further magnify
the high electric enhancement of graphene sheets, and act as
additional emission sites.'” In fact, the turn-on field for
heterogeneous nanostructures in a previously mentioned work
reported by Kim et al. is as low as 2.0 V ym™ (at 10 uA
ecm™2).”® This is due to the decent mechanical and electrical
contact between the vertical ZnO nanowires and the graphene
film. Another type of investigation into the field emission
properties of these heterogeneous nanostructures is related to
the growth of graphene on ZnO. Zheng et al. directly grew
graphene sheets (GSs) with “pyramid-like” morphologies, using
plasma-enhanced chemical vapor deposition (PECVD), on
ZnO nanowires coated with Ni catalyst nanoparticles with the
view to overcoming the limit of planar morphological features
on field enhancement.'”" This is shown in Figure 8. The GSs
with small radii and high densities were attributed to the
additional emission sites, which led to the enhanced local field
on the ZnO nanowire surfaces. The ZnO—GS structure was
observed to have a turn-on field of 1.3 V ym™’, substantially
lower than that (2.5 V um™) of the reference pure ZnO, for
extracting the current density of 1 A cm > Also, it had a
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Figure 8. (a) SEM image of as-grown ZnO nanowires. (b) SEM image
of ZnO nanowires coated for S s with Ni. (c—e) SEM images of ZnO—
GSs grown for 2 min (c), S min (d), and 10 min (e) after 3 s of
coating. Reprinted from ref 101. Copyright 2009 American Chemical
Society.

threshold field of 5.7 V um™" for producing a current density of
1 mA cm ™2, while pure ZnO nanowires needed a threshold field
of 7V um™" for producing a much smaller current density (less
than 0.4 mA cm™). This implies that the hybrid material of
GSs on ZnO nanowires is a potential candidate for field
emission devices.

Further to these heterogeneous nanostructures consisting of
graphene on top of ZnO, they can also be used to adjust the
band gap of graphene. It has been demonstrated that graphene
nanomesh, comprising single- or few-layered graphene punched
with a high-density array of nanoscaled holes, can gain enough
band gap for a sufficient gate response and on/off ratio in a
large sheet of graphene to create a semiconductor thin film.'%*
One possible way to fabricate graphene nanomesh is to use
ZnO as the metal oxide semiconductor photocatalyst because
of its photocatalytic activity toward carbonaceous materials.'"’
Akhavan investigated the local photodegradation of GO sheets
at the tip of ZnO nanorods to produce the semiconducting
graphene nanomesh.''’ Their work involved physically
attaching ZnO nanorod arrays with diameters of 140 nm and
lengths of <1 pum, which had been hydrothermally grown and
then vertically aligned, onto chemically exfoliated GO sheets
(~0.9 nm thick) to cause pores for graphene nanomesh
through a photodegradation process. The graphene nanomesh
thus obtained was afterward reduced by hydrazine and, without
any doping, presented p-type semiconducting behavior, and
demonstrated an energy gap of ~1.2 eV between the valence
band and the Fermi level. When the nanomesh is, however,
made of ZnO, rather than graphene, the performances of the
heterogeneous structures as semiconductors could also be
expected to be enhanced. It was noticed that back-gated field-
effect transistors formed by using periodic ZnO nanomesh on
single-layer graphene exhibited tunable electronic properties.""
They featured both n- and p-type characteristics as a result of
controlling the thickness of the ZnO nanomesh layer. This
indicates that single-layer graphene is sensitive to the
surrounding environment and its electronic properties can be
significantly changed by tuning the interface and surface effects.
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Even for graphene QDs, their properties can vary widely
according to the synthesis process. Since the graphene QDs’
band gap depends on the size and shape of the sp® domains, it
is possible, therefore, to align the band gap of the composite of
ZnO nanowires infiltrated with graphene QDs.''” While the
infiltrating contact mode and the high surface area to volume
ratio of graphene QDs collectively increase the contact between
graphene and ZnO, the properties of the heterogeneous
structures can also be modulated through small-area contact.
Kim et al. investigated the characteristics of semiconducting
ZnO nanowires grown directly onto a metallic multilayer
graphene film (~20 layers, 6—6.5 nm), which was fabricated
using CVD with Ni catalysts and transferred onto the Si wafer
(with a SiO, layer).""* The ZnO nanowires were horizontal and
singly grown from high-surface-energy points on the graphene
surfaces. They connected the graphene sheets which were
employed as the catalyst for the nanowire growth and the Al
electrodes. It turned out that the nanoscale contact of the
semiconducting ZnO nanowire with the multilayer graphene
exhibited near-ohmic conductance with low contact resistances.
Similarly, the combination of single horizontal ZnO nanowires
and graphene sheets potentially improves the performance of
UV photodetectors. Fu et al. fabricated a “sandwich” structure
of graphene/ZnO nanowire/graphene for use in UV photo-
detectors.'”” This is schematically represented in Figure 9.

1. Transfer PMMA/graphene
stamp to targeted electrodes
and dissolve PMMA

2. Transfer a ZnO wire on the
graphene surface

-

3. Etch the uncovered graphene
by O, plasma using PMMA and
ZnO nanowire as mask

4, Dissolve PMMA

5. Transfer graphene/PMMA
stamp on the top of the ZnO
nanowire and contact with

another pair of electrodes

6. Cross-section of the graphene
/ZnO nanowire/graphene device|

PMMA
Graphene

Au

Figure 9. Schematic diagrams of the fabrication processes for the
graphene/ZnO nanowire/graphene vertical sandwich device (1-S)
and the cross-section of the UV detector based on the graphene/ZnO
nanowire/graphene sandwich structure (6). Reprinted with permission
from ref 107. Copyright 2012 AIP Publishing LLC.

Schottky contacts were formed at the interfaces between the
ZnO nanowire and the top and bottom graphene layers in the
sandwich structure. This gave rise to the corresponding
photocurrent generation and recovery process upon UV
illumination of the device: electron—hole pairs are generated
[hv — ¢! + h*] and separated quickly by the local electric field
at the Schottky barrier region, reducing the electron—hole
recombination rates and increasing the carrier lifetime. This,
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meanwhile, contributed to the increase in the free carrier
density. The increased carrier density lifted the Fermi energy
and thus reduced the work function of ZnO, resulting in the
reduction of the Schottky barrier height and width between
ZnO and graphene.'”” These cooperative effects are invoked to
account for the improved photoresponsivity in the as-prepared
sandwich structure relative to traditional ZnO nanowires.""*
The photocurrent rising time is found to be shorter than 0.7 s
in air, the recovery speed about 0.5 s, and the photocurrent on/
off ratio of the UV detector up to 8 X 10* under a bias of 3 V.
Clearly, the combination of graphene sheets and horizontal
ZnO nanowires, apart from the previously mentioned vertical
ones, provides an alternative pathway to fabricating heteroge-
neous nanostructures for integrated optoelectronic devices.
ZnO has also been frequently presented in the form of
particles with confined sizes which demonstrate unique physical
properties."'”"'® The anchoring of ZnO nanoparticles onto
graphene sheets is another effective strategy for the
construction of heterogeneous nanostructures. Actually, apart
from enhancing field emission factors (with low turn-on and
threshold fields),"'” ZnO nanoparticle-decorated graphene
provides even more unique characteristics. In Williams and
Kamat’s quest to explore the interaction between GO and ZnO
nanoparticles, they probed the ZnO emission to monitor the
electron transfer between semiconductor nanoparticles and the
GO sheets.""® This is shown schematically in Figure 10a. The
GO sheets prepared using the Hummers method were
suspended in ethanol to interact with the excited ZnO
nanoparticles under UV irradiation and subsequently under-
went photocatalytic reduction. A mechanism has been
suggested by the authors to explain the electron transfer from

(a)

(b)

external circuit
LE

Photocurrent

Figure 10. (a) Excited-state interaction between ZnO and graphene
oxide (GO). (b) Schematic illustration of enhanced photocurrent
density and photocatalytic activity for RGO—ZnO composites. Image
a reprinted from ref 115. Copyright 2009 American Chemical Society.
Image b reprinted from ref 116. Copyright 2012 American Chemical
Society.
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the excited ZnO nanoparticles to the GO sheets that leads to
the production of chemically reduced graphene oxide (RGO).
It follows the mechanism previously proposed for ZnO
nanoparticles transferring photogenerated electrons to
CNTs,"** which is a valid approach since graphene sheets are
analogous to unrolled 2-dimensional CNTs. The mechanism is
shown below:

ZnO + hv —» ZnO(h + e)

C,H,0H . +
—— ZnO(e) + *C,H,OH + H (1)
7n0(e) + GO — ZnO + RGO @)

where hv stands for the energy of the photon. Under this type
of electron transfer mechanism, semiconductor nanoparticles
anchored onto a graphene scaffold make it possible to prevent
charge recombination, and thus to improve the photoinduced
charge separation.'”' Further studies have shown that ZnO
nanoparticles on the surface of the RGO sheets also exhibit
enhanced photocurrent and photocatalytic performances under
UV illumination."'®"*>'** This is attributed to the suppression
of recombination of the charge carriers because of the
interaction between ZnO and RGO. In addition, the ZnO
nanoparticles effectively decorated onto the graphene prevent
the sheets from forming agglomerated structures that would
cause a dramatic decrease in the specific surface area of the
graphene.'””'** The charge transfer, enhanced photocurrent,
and photocatalytic activity by RGO—ZnO composites are
summarized in Figure 10b. The figure shows that the
photogenerated electron—hole pairs of UV-excited ZnO
separate at the interfaces of the ZnO and RGO. The electrons
transport along the RGO sheets with high electrical
conductivity from the inner region to the external circuit and
thus produce the photocurrent. When the density and
morphology of the ZnO nanoparticles (or QDs) change,
different activities will be triggered.126 The ZnO QDs which are
seeded to grow nanorods on the highly conductive graphene
will thus ;Jrovide a platform to fabricate the visible-blind UV
sensors.'”’ Alternatively, when exposed to a reducing gas, such
as formaldehyde, the coadsorption and mutual interaction
between the gas and the adsorbed oxygen (by ZnO) result in
oxidation at the surface.'*®'*° During this, the released
electrons from the gas transfer to the ZnO nanoparticles (or
QDs) and further onto the graphene substrate, and this changes
the conductivity of the composite. To increase the contact
between the graphene and the ZnO of the heterogeneous
structure to a higher level, it is even possible to wrap the ZnO
QDs with graphene sheets. Son et al. synthesized emissive
quasi-core—shell QDs consisting of ZnO cores wrapped in the
shells of single-layer graphene.'® This is graphically summarized
in Figure 11. They reported that the strain introduced by the
curvature, resulting from the bending of the graphene
surrounding the ZnO QDs, opened an electronic band gap of
250 meV in the graphene, and more importantly, the
wavelength of excitonic emission of the ZnO QDs could be
modulated with the graphene in the form of a consolidated
core—shell structure.

From the hitherto discussed heterogeneous nanostructures of
graphene and ZnO, it is worth noting that the 2-dimensional
nanosheets have been mostly combined with either the 0-
dimensional nanoparticles or 1-dimensional nanowires (or
nanorods) to enhance the optoelectronic properties. Consid-
ering the effects and improvements discussed above, it would
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Figure 11. Chemical synthesis process for the ZnO—graphene quasi-QDs. (a) Schematic of chemical exfoliation of graphene sheets from GO. (b)
Synthesis of ZnO—graphene QDs from GO and zinc acetate dihydrate. The QDs are synthesized via chemical reaction between three kinds of
functional groups (carboxyl (—COOH), hydroxy (—OH), and epoxy (—O—)) of GO and Zn>*. The magnified image shows chemical bonding
between the functional groups and Zn*". (c) Schematic of graphene-covered ZnO QDs. (d) TEM image corresponding to (c). Inset in (d): enlarged
HRTEM image of a ZnO—graphene QD. Reprinted with permission from ref 16. Copyright 2012 Macmillan Publishers Ltd.

be interesting to see the added enhancement, if any, created by great platform for researchers to exploit their novel properties
combining all three types of nanostructures. In Yoo et al’s and potential applications. Indeed, efforts have already been
work, using a solution-based process, a multidimensionally made to investigate ZnS—graphene nanocomposites.

heterogeneous material consisting of 0-dimensional Ag nano- Similar to ZnO, ZnS shows good photocatalytic properties as
particles, 1-dimensional ZnO nanorods, and 2-dimensional a result of the rapid generation of electron—hole pairs by
graphene sheets was constructed.'** ZnO nanorods were grown photoexcitation and the highly negative reduction potentials of
using a hydrothermal method on chemically converted the excited electrons.'**"** It is hence reasonable to expect that
graphene, which had been prepared via a modified Hummers graphene materials decorated with ZnS should give rise to
method, and then Ag nanoparticles were sprayed onto the enhanced properties, such as high catalytic activity. In fact, since
ZnO—graphene composite. It was established that, for the the properties of ZnS have much in common with those of
heterostructured sample, the photoinduced electron transfer ZnO, it is not surprising that ZnS nanomaterials show a close
was doubled by the transfer of electrons from ZnO to Ag, and resemblance to ZnO in the way they are practically connected
to graphene, which would then further transfer the electrons to to graphene. Using microwave irradiation, Hu et al. prepared
Ag. Hence, it was argued that the recombination of photo- composites of ZnS nanoparticles sugported on graphene
induced electrons and holes of the heterogeneous nanostruc- nanosheets in an aqueous medium. "’ They performed PL
ture was even suppressed, resulting in enhanced photocatalytic measurements at room temperature, which were quenched at
activity. the low-intensity surface-defect-related emission. On the

occasion that light of sufficient energy is incident on a material,

3:2. Zinc Sulfide (ZnS) and Graphene photons are absorbed and electronic excitations are created.*”

ZnS is known as one of the earliest studied semiconductors."* These excitations eventually relax, and the electrons return to
Its structure and properties are comparable to those of the the ground state (i.e., recombination). The emitted light is PL if
more popular and widely used ZnO, yet there are certain radiative relaxation occurs. When the holes are scavenged to
properties pertaining to ZnS that are quite unique and make the recombination (return of the relaxed electrons) less
advantageous relative to those pertaining to ZnO. For example, efficient in the illuminated semiconductor, quenching of the
ZnS$ has larger band gaps of 3.72 and 3.77 eV (for the cubic emission will just continue."”’” In addition, emission quenching
zinc blende and the hexagonal wurtzite ZnS, respectively) than has been observed for semiconductor nanostructures anchored
7Zn0."** 1t is, therefore, more suitable for visible-blind UV-light- onto CNTs, where the structural elements are the same as
based devices such as photodetectors and sensors. On the other those of graphene.'”” The results showed enhanced decay rates
hand, although low-dimensional ZnS nanostructures with of emission with increased concentration of CNTs, meaning
various morphologies and shapes have been successfully more semiconductors interacted with the CNTs. The charge
synthesized via a variety of techniques, systematic studies on transfer interaction was deemed to occur between the
ZnS nanostructure arrays have only been initiated over recent semiconductor nanostructures in their excited state and the
years."”> The progress on ZnS nanostructures has provided a CNTs. Hence, it was deduced by Hu et al. that, from the
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obvious quenching observed through fluorescence absorption
spectroscopy, there was photoinduced electron transfer
between the ZnS nanoparticles and the graphene nano-
sheets."** Furthermore, the nanocomposites of graphene
nanosheets and ZnS nanoparticles were observed to be highly
photocatalytic, showing greater activity toward the photo-
degradation of methylene blue than the free ZnS nanoparticles
synthesized in the absence of graphene (otherwise synthesized
under the same experimental conditions). In photoinduced
catalysis, the higher the photocatalytic activity, the more
electron—hole pairs the catalyst generates. As the positive holes
react with the moisture present in the close vicinity, free
radicals, such as hydroxyl radicals (*OH), are produced. The
hydroxyl radicals are highly reactive as an efficient oxidizing
agent, able to undergo secondary reactions after the generation
of electron—hole pairs. Some organic compounds can thus be
photodegraded in the oxidation process caused by the hydroxyl
radicals through the removal of a hydrogen atom, forming
water and an alkyl radical."*® As a result of the improved
photocatalysis, it was suggested that the graphene nanosheets,
with great charge mobility, acted as 2-dimensional catalyst
supports for the corresponding structures (fabricated by Hu et
al.) to improve the interfacial electron transfer and restrain the
electron—hole pair recombination of the ZnS."*®

It is also worth noting that quenching of the low-intensity
surface-defect-related emission of ZnS—graphene nanocompo-
sites synthesized using various methodologies has been
observed. Wang et al. noticed that the PL emission of ZnS
QDs was significantly quenched after the integration of ZnS
with graphene through solvothermal synthesis."”” Nethravathia
et al. reported that low-intensity surface-defect-related
emissions were completely quenched in ZnS—graphene
nanocomposites which were produced during the reaction of
a mixture of GO layers (made from graphite powder) and metal
(zinc) ions with H,S."** As a matter of fact, the quenching
effect is demonstrable not only for ZnS—graphene composites,
but also for ZnO-—graphene composites, which have been
previously discussed, as well as CdS—graphene composites,
which will be discussed in the following section. A comparison
of the quenching effects for different nanocomposites is shown
in Table 1. It is clear that, with effective integration of group
II-VI semiconductors (ZnO, ZnS, CdS, etc.) and graphene, the
electron—hole pairs in excited semiconductor QDs can be
efficiently separated through the injection of electrons from the
QDs to graphene nanosheets. In terms of PL emissions, there
are generally two aspects resulting from the excited semi-
conductors; namely, band edge emission and the low-intensity
emission. This is reflected in the ZnO-—graphene nano-
composites previously mentioned in ref 16. The band edge
emission usually appears for the semiconductor nanoparticles,
whereas the low-intensity emission arises from defects and
oxygen vacancies. Depending on the actual structure of the
graphene and inorganic semiconductors present and the nature
of the connection between them in the hybrid material, either
the low-intensity emission or the band edge emission can be
investigated to monitor the interfacial electron transfer
processes.

In addition, it can be seen from the data in Table 1 that, for a
given type of semiconductor, the excitation wavelength
decreases as the size of the low-dimensional nanomaterial
decreases. This size-dependent property is related to the so-
called quantum size or confinement effects which essentially
arise from the presence of discrete, atomlike electronic
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Table 1. Comparison of the Quenching Effects from Luminescence Measurements for Different Nanocomposites

low-intensity emission

band edge emission

synthesis process

extent of
quenching (%)

>95
>95
>95
~90

extent of
quenching (%)

excitation wavelen
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wavelength (nm)

~530”
550

gth  quenched wavelength

ref

(nm)

(nm)

RGO shape of the semiconductor

Hummers

semiconductor

nanocomposite

n.a.

n.a.

31§
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340
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nanoparticles (2—7 nm)

zinc acetate in ethanol

ZnO-GO

16
129
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~380 71
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zinc acetate dihydrate in DMF*
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280
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zinc acetate in ethylene glycol

Zn(CH,COO0), with DMSO?

Zn(NO,), with H,S
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>95 (peak)

n.a.

BS: 327.5 (~361)
BS: 365.5 (389.5)
BS: 366.8 (381.6)

nanoparticles (~10 nm)

Hummers

ZnS—GO

ZnS—GO
ZnS—GO
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80 (peak)
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Figure 12. TEM images of ZnS—graphene nanosheets soaked at 180 °C for 12 h with 0.1 M Zn*": (a) homogeneous QFs on graphene; (b)
agglomeration of QDs on graphene. Reprinted from ref 14S. Copyright 2012 American Chemical Society.

states.'*' For low-dimensional nanostructures (usually termed
nanoclusters, nanocrystals, or quantum dots), these states can
be considered as arising from the superposition of bulklike
states at each energy level with a concomitant dramatic increase
in oscillator strength, which represents the probability of
absorption or emission of electromagnetic radiation in
transitions between energy levels."** Therefore, to excite
those semiconductor nanostructures with confinement effects,
higher kinetic energy will be required from the individual
photons, and this results in slightly shorter excitation
wavelengths. Similarly, when the average size of these low-
dimensional nanostructures is changed due to substantial
attachment to graphene (or RGO), and sufficient electrons
are generated so they can diffuse through the regions near the
junction between the semiconductor and graphene (for band
gap tuning of graphene in addition to the prior photocatalytic
reduction of GO),"*” the PL emission of the nanocomposites is
found to be blue-shifted relative to that of the semiconductors
alone. This is reflected in some of the measurements listed in
Table 1. This blue shift of the band edge emission is mainly
attributed to the band gap tuning (or opening) of graphene,
which in return causes the efliciently interactive hybrid
materials to require more energy from the photons of the
light sources to be excited than from the inorganic semi-
conductors alone.

Most studies of ZnS—graphene nanocomposites focus on
graphene nanosheets attached with ZnS QDs only. Investigat-
ing the effects of other morphologies of ZnS on the
nanocomposites would be helpful for making comparisons of
the characteristics of these different morphologies and lead to a
better understanding of the mechanisms involved. Li et al.
prepared ZnS QDs and ZnS quantum flakes (QFs) on RGO
nanosheets, using thiourea and zinc chloride, as shown in
Figure 12."* The molar concentration of reactants was tuned
to control the nucleation and growth of the ZnS nanocrystals,
which developed from QDs into QFs depending on the
reaction time. As expected, the emission spectra were found to
depend on the morphology of the ZnS particles. The QFs made
the ZnS—graphene composites exhibit a better photovoltaic
response than the QDs alone did. This was attributed to the 2-
dimensional nanostructure absorbing light irradiation when
attached onto the graphene surfaces. Also, since 1-dimensional
single-crystalline ZnS nanostructures provide high electron
mobility, low-voltage operation, and decent efficiency,'** Zn$S
nanowires grown on 2-dimensional graphene have great
potential for applications in optoelectronic devices. Although
the low-intensity surface-defect-related emission of ZnS—
graphene composites can be partially quenched, as described
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above, it is still possible to generate emission peaks, arising
from the surface states, at some wavelengths. Therefore, it is
viable that heterogeneous ZnS—graphene structures will yet
find a use in field emission displays. In this regard, Kim et al.
observed that ZnS nanowires (NWs) grown on multilayered
graphene films (MGFs) showed blue-green (503 nm)
emissions. However, when doped with Te ions, even
without any external catalyst, blue emission (440 nm) was
seen. This demonstrates the feasibility of using MGFs, even on
their own, as catalysts for hybrid ZnS—graphene devices, as
shown in Figure 13.

(a)

ZnS:Te NWs

Figure 13. (a) Cross-sectional view of the field-emitting structure
employing a nanowire/MGF cathode and a green phosphor/ITO
anode. (b) Optical image of a ZnS/Te nanowire/MGF substrate (10
mm X 10 mm). (c) Optical image of the green-light-emitting region.
Reprinted with permission from ref 147. Copyright 2010 IOP
Publishing.

3.3. Cadmium Sulfide (CdS) and Graphene

Compared to its wide band gap counterparts, CdS is a
competitive candidate for making photocatalysts with the
remarkable property of being photodegradable in water and
air.'*® CdS has a sufficiently negative flat-band potential, which
is advantageous for the donation and transferral of
electrons.'*~"*" Its relatively narrow band gap of 2.42 eV
can be used to efficiently absorb visible light.'>” As a result, CdS
makes attractive photocatalytic materials for the conversion of
solar energy into chemical energy under visible light irradiation.
However, prolonged irradiation of CdS suspensions leads to
decomposition into Cd and S ions,'” thus reducing its
chemical stability. Also, when CdS is in the form of
nanoparticles, aggregation is likely to occur.”*"*® This in
turn will result in a reduced surface area and thus a higher
recombination rate of the photoinduced electron—hole pairs.

DOI: 10.1021/cr400607y
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Extensive studies have been carried out with a view to
improving the efficiency of CdS photocatalytic activity.'>”~"%’
In practice, graphene can be utilized as a nanoscale building
block and efficient charge carrier transport channel to facilitate
CdS. This is similar to the role played by graphene matrixes in
improving the efficiency of the photocatalysts as described in
previous sections for ZnO and ZnS. For example, Cao et al.
developed CdS—graphene nanocomposites directly from GO in
dimethyl sulfoxide (DMSO).'®" This enhanced the stability of
the CdS and prevented the aggregation of both graphene and
CdS. An ultrafast electron transfer process, with a time constant
of about S ps, was detected using time-resolved fluorescence
spectroscopy, and this was ascribed to the electron transfer
from excited CdS QDs (10 nm) to the single-layer graphene
matrix. Regarding the application of CdS—graphene to
photocatalytic H, production, Li et al. investigated the influence
of graphene on the properties of CdS clusters (3 nm
particles).'®> The materials were prepared using a solvothermal
method in which GO served as the support and cadmium
acetate (CdAc,) served as the precursor for CdS. It was
reported that a high photocatalytic H, production rate, driven
by a visible light source (4 > 420 nm), of 1.12 mmol h™', which
was about 4.87 times higher than that of pure CdS
nanoparticles, was achieved using the CdS-cluster-decorated
graphene nanosheets as photocatalysts. Pt was also loaded onto
the surface of the photocatalyst through the use of a H,PtCly
6H,0 aqueous solution as a cocatalyst. This was believed to
reduce the overpotential in the production of H, from water,'®*
and suppress the fast backward reaction (recombination of
hydrogen and oxygen into water).'®* The authors proposed
that, under visible light irradiation, the CdS semiconductor
electrons would be excited from the valence band to the
conduction band and then most likely transferred in one of
three ways as schematically shown in Figure 14: (1) to Pt
deposited on the surface of the CdS clusters; (2) to C atoms on
the graphene sheets; (3) to Pt located on the graphene
nanosheets. Eventually, the electrons reacted with the adsorbed
H" ions to form H,.

Figure 14. Schematic illustration of the charge separation and transfer
in the CdS—graphene system under visible light. The photoexcited
electrons transfer from the conduction band of CdS, not only to the
located Pt, but also to the C atoms on the graphene sheets, which are
accessible to protons that readily transform into H,. Reprinted from
ref 162. Copyright 2011 American Chemical Society.
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Further to this work, Jia et al. used N-doped graphene (N-
graphene) nanosheets, which were prepared from natural
graphite powder and then annealed with NH; to form
nanocomposites with CdS nanocrystals (nanoparticles).m5
The intended use of the N-graphene nanosheets was as an
electron transfer channel for the purpose of reducing the
recombination of the photogenerated electrons—holes. As a
result of the fact that the size of the CdS nanoparticles in these
samples was in the range of 50—300 nm, the highest H,
evolution rate of the CdS—N-graphene nanocomposites was
only 210 ymol h™" under visible light irradiation (4 > 420 nm).
Nevertheless, the CdS—N-graphene induced the direct splitting
of water into H, with improved conversion efficiency relative to
pure CdS nanoparticles (more than S times higher). On the
basis of the above investigations, it was suggested by Zhang et
al. that the photocatalytic activities of CdS—graphene nano-
composites could be used for organic transformations.'®® Using
a hydrothermal approach, they synthesized a series of CdS—
graphene nanocomposites. During the process, the formation of
CdS nanoparticles (200 nm) and the reduction of GO occurred
simultaneously. Photocatalytic tests showed that the resulting
CdS—graphene nanocomposites were able to serve as a visible-
light-driven photocatalyst (irradiation source, 4 > 420 nm) for
the selective oxidation of alcohols to aldehydes. It was argued
that, under visible light irradiation, the alcohol molecules
absorbed onto the nanocomposites were oxidized by the holes
generated in the valence band. These in turn would produce
alcohol radical cations and react with molecular oxygen or
superoxide radicals to yield the aldehyde product. On the other
hand, Liu et al. evaluated the photocatalytic performance of
CdS—RGO nanocomposites through the photocatalytic reduc-
tion of Cr(VI)."”” The CdS—RGO composites were found to
exhibit enhanced photocatalytic performance in the reduction
of Cr(VI), under visible light irradiation (4 > 400 nm). A
maximum removal rate of 92% compared with that of pure CdS
(79%) was observed, and this was attributed to the increased
light absorption intensity and the prevention of electron—hole
pair recombination.

In addition, as illustrated by the data presented in Table 1,
CdS—graphene composites lead to a quenching effect similar to
that observed for ZnO—graphene and ZnS—graphene compo-
sites. In a previously mentioned work, nanocomposites
composed of graphene and nanocrystalline metal sulfide were
successfully synthesized by dispersing GO, under constant
sonication, into a solution of Cd(NO;),, through which H,S
was then bubbled."* It was reported that, in the spectrum of
the CdS—graphene composites, the band edge emission of CdS
was almost identical to that of the free CdS particles (11 nm).
In contrast, the emission at about 530 nm was completely
quenched due to the interaction between the CdS particles and
the graphene sheets, as shown in Figure 15. Another previously
mentioned work reported that, after the integration of CdS
QDs (3—4 nm) with graphene nanosheets, the PL emission
was significantly quenched at a wavelength of about 530 nm,
with the effect extending up to 700 nm."*’

It is also worth mentioning that when CdS is coupled with
other types of photocatalysts, such as TiO,, it is possible to
extend the region of absorption and improve the sunlight
photocatalytic efficiency. Where TiO, is concerned, because of
its relatively wide band (3.2 eV), its photocatalytic properties
are limited to the 10—400 nm wavelength UV region, which is
rather narrow compared with the total solar spectrum.
Experimental results show that, with the assistance of graphene,
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Figure 15. PL spectra of free CdS nanoparticles (a) and the CdS—
graphene composite (b) excited at 355 nm. Measurements were
performed at ambient temperature (approximately 30 °C). Reprinted
with permission from ref 140. Copyright 2009 Elsevier.

the photocatalytic performance of CdS—TiO, composites can
be enhanced: a maximum degradation efficiency of 99.5% for
methyl orange under visible light irradiation, relative to that of
pure TiO, (43%) and CdS—TiO, composites (79.9%), has
been achieved.'® This is ascribed to the increase in specific
surface area and the prevention of electron—hole pair
recombination. Since the conduction band position of CdS is
higher than that of TiO,, photoexcited electrons from CdS can
be efficiently injected into TiO,.'”® In addition, it has been
reported by Santra and Kamat that doping CdS (or CdSe) with
optically active transition-metal ions of Mn*" further modifies
the electronic and photophysical properties of the CdS—TiO,
composites.'*® They constructed “QD-sensitized solar cells”,
with Mn-doped CdS (CdSe) deposited on mesoscopic TiO,
films as the photoanode. A Cu,S—GO composite was the
electrode and S*7/S the electrolyte. A power conversion
efficiency of 5.4% was obtained, under AM 1.5 global filters at
an intensity of 100 mW/cm? (sunlight). They also proposed a
mechanism for this phenomenon where the midgap states
created by the Mn-doping would cause electrons to be trapped
and screened from charge recombination with holes and/or
oxidized polysulfide electrolytes. This is shown in Figure 16.
Apart from the efficient electron transfer to graphene from
CdS dots, the use of CdS nanowires as semiconducting
channels on graphene for relevant applications has also been
reported. Dufaux et al. investigated the photoelectric properties
of the interface between graphene sheets.'”' These graphene
sheets were mechanically exfoliated from highly oriented
pyrolytic graphite and transferred onto Si substrates, and n-
doped CdS nanowires, which were synthesized through a
solvothermal method. In this system, the graphene sheet was
contacted with a CdS nanowire (20 ym in length and 20—80
nm in diameter), and it produced large short-circuit photo-
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Figure 16. Schematic diagram illustrating the electron transfer (k)
from doped CdS into TiO, nanoparticles. k, and k', represent electron
recombination with holes and the redox couple, respectively.
Reprinted from ref 168. Copyright 2012 American Chemical Society.

currents up to 200 nA, when scanned through the diffraction-
limited laser spot of a confocal microscope (intensity 191 kW
cm™?). With an applied bias voltage of 0.1 V, Lee et al. obtained
an enhanced photocurrent from the CdS—graphene hybrid
structure compared with that of the channels based on
graphene only.'”> Their system comprised single-crystalline
CdS nanowires grown on the Au catalyst patterns of a single-
layer graphene sheet (synthesized using a CVD method) in a
horizontal tubular furnace. The photocurrent, measured as I,
— Ijpno was up to 2.60 X 107 mA, where I, and I, represent
the currents with and without a light source (power density 100
mW cm™?), respectively. The hybrid structure had a much
faster operational speed than commercial CdS film-based
photodetectors and exhibited large photoresponses. This
confirms the feasibility of their strategy in taking advantage of
both graphene and semiconducting nanowires for optoelec-
tronic functions.

4. GROUP IlI-V COMPOUND SEMICONDUCTORS
AND GRAPHENE

The group III-V compound semiconductors, such as gallium
arsenide (GaAs), boron nitride (BN), gallium nitride (GaN),
indium arsenide (InAs), aluminum antimonide (AlSb), and
indium phosphide (InP) and their ternary and quaternary
alloys, are comprised of elements of columns III and V. Many
group III—V semiconductor compounds have been widely used
to produce high-speed electronic devices and optoelectronic
devices. Their high electrical mobilities and direct band gaps are
the attributes that make these semiconductors useful for
applications.'”~"7® Worth noting is the fact that the industry
manufacturing III-V semiconductor integrated circuits is fairly
well established for a wide range of applications, including
smart phones, cellular base stations, fiber-optic systems,
wireless local-area networks, satellite communications, radar,
radioastronomy, and defense systems.'”” Recently, widespread
research into graphene has boosted the profile of some of the
III-V compound semiconductors, particularly those of GaN,
BN, and GaAs. They will be discussed in this section.

4.1. Boron Nitride (BN) and Graphene

Boron nitride is a wide band gap semiconductor with a direct
band gap of between 5.8 and 6.0 eV."”® This enables it to be
used as a dielectric layer in electronic devices. Its nanostruc-
tures consist of diverse 1-dimensional or 2-dimensional
morphologies, such as BN nanotubes (BNNTs), BN nanorib-
bons (BNNRs), and BN nanosheets (BNNSs).'” In addition,
BN is a structural analogue of C; it has layered (hexagonal, h-
BN), cubic, and tubular structures, which are similar to C’s
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Figure 17. Mechanical transfer process. (a—c) Optical images of graphene (a) and h-BN (b) before and (c) after transfer. Scale bars indicate 10 ym.
Inset: electrical contacts. (d) Schematic illustration of the transfer process used to fabricate graphene on BN devices. Reprinted with permission from

ref 187. Copyright 2010 Macmillan Publishers Ltd.

graphite, diamond, and CNT phases. Specifically, h-BN consists
of sp’-bonded 2-dimensional layers with alternatin§ boron and
nitrogen atoms in a honeycomb arrangement.179’18 The boron
and nitrogen atoms are bound by strong covalent bonds within
each layer of h-BN, whereas the layers themselves are held
together by relatively weak van der Waals forces. Therefore, the
h-BN layers can be mechanically exfoliated from bulk source
materials to form thin BN sheets."*"'** Also, BNNSs do not
absorb light in the visible region of the electromagnetic
spectrum, and hence are called “white graphene”.'®> Never-
theless, although h-BN and graphite (graphene) are both
hexagonally structured materials, their electronic properties are
rather different. In contrast to the semimetallic nature of
graphite, BN possesses high chemical and thermal stability due
to its wide band gap.'®* As a result of this property, BN can be
used to complement and improve graphene-based devices.
From our discussion of graphene structures related to group
II-VI compound semiconductors, it is clear that some
morphologically disordered graphene nanosheets on substrates
exhibit additional edges and defects. These are needed for
constructing the emission sites. The atomic monolayer
consisting of hybridized phases of h-BN and graphene is
another type of structure that provides a platform to attune
physical properties in graphene-based structures. With this in
mind, Ajayan’s team synthesized atomic layers of h-BN and
graphene (h-BNC) materials, which consisted of hybridized,
randomly distributed domains of h-BN and C phases.'® The
final products were the result of using a thermal catalytic CVD
synthetic method. It involved simultaneously supplying C
(methane) and BN (ammonia—borane) sources to deposit 2-
dimensional monolayers of h-BNC. The h-BNC samples
obtained had a percolating graphene network embedded with
BN domains. This caused two optical band gaps ranging
between 1.5 and 4.5 eV with the C content distinct from those
of pristine graphene, doped graphene, or h-BN. However, since
any disorder in the morphology affects the physics of the
electrons in graphene and its transport properties,* it is likely
the performance of substrate-supported graphene, when
presented in a disordered way, will be diminished on many
occasions relative to that of suspended graphene. Therefore, h-
BN is a more promising substrate for the support of graphene
as it is capable of retaining most of the graphene quality. This is
due to its atomically smooth surface, which is to a large extent
prevented from dangling bonds and charge traps. Dean et al.
reported the fabrication and characterization of exfoliated
mono- and bilayered graphene devices on single-crystal h-BN
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substrates, by using a mechanical transfer process, as outlined in
Figure 17." The h-BN layers were exfoliated from ultrapure h-
BN single crystals that were grown from barium boron nitride
under high pressure and temperature. The graphene was
exfoliated separately onto a polymer stack consisting of a water-
soluble layer and PMMA. Measurements showed that the
graphene devices on the h-BN substrates had high mobilities
and carrier inhomogeneities almost an order of magnitude
better than those on SiO,.

Following this discovery of improved device performances,
Xue et al. used scanning tunneling microscopy (STM) to
investigate how graphene would conform to h-BN."*® To carry
out STM measurements, they prepared graphene on h-BN
(exfoliated from h-BN single crystals) devices, which included a
graphene flake on a few-layered h-BN flake with gold electrodes
for the electrical contact (Figure 18a). A comparison in height
distribution (Figure 18d) showed that the surface corrugations
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Figure 18. Schematic device setup and topography comparison of
graphene on h-BN and SiO,. (a) Mechanically exfoliated monolayer
graphene flake with h-BN underneath and gold electrodes contacting it
above. The wiring of the STM tip and back gate voltage is indicated.
(b) STM topographic image of monolayer graphene on h-BN showing
the underlying surface corrugations. (¢) STM topographic image of
monolayer graphene on SiO, showing markedly increased corruga-
tions. (d) Histogram of the height distributions for graphene on SiO,
(blue squares) and graphene on h-BN (red triangles) along with
Gaussian fits. Reprinted with permission from ref 188. Copyright 2011
Macmillan Publishers Ltd.
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Figure 19. Optical images of Cu foils prepared (2) in pristine condition, (b) by thermal annealing (TA) at 1020 °C for 2 h, and (c) by TA (1020 °C
for 2 h)/chemical polishing (CP). The inset images in (a)—(c) show the schematic illustrations of the morphology-controlled Cu foils. Optical
images show surface morphologies of h-BN nanosheets transferred onto SiO,/Si substrates after the growth of the h-BN nanosheets on (d) pristine
Cu foil, (e) TA-treated Cu foil, and (f) TA/CP-treated Cu foil. The inset images in (d)—(f) show the corresponding AFM images (scan area 1 X 1

um?). Reprinted from ref 192. Copyright 2012 American Chemical Society.

Top View

Cu foil

Graphene

Graphene/h-BN

Figure 20. Schematic showing the preparation of a G/BN stacked film. (a) The Cu foil is cleaned and prepared as the growth substrate. (b) A high-
quality and large-area graphene film is grown via a CVD process with n-hexane as a liquid C source at a temperature of 950 °C. (c) Some graphene is
transferred onto SiO, substrates for further characterizations, and the rest is loaded into another furnace for the growth of an h-BN film on top.

Reprinted from ref 195. Copyright 2011 American Chemical Society.

were much larger for graphene on SiO, (Figure 18c) than on h-
BN (Figure 18b). This was attributed to h-BN’s planar nature
for graphene to conform. Further to this, to study the scattering
processes specific to CVD graphene, Gannett et al. compared
the transport data for CVD graphene on SiO, and h-BN."*” In
their experiment, large high-purity h-BN crystals synthesized
using high-pressure techniques were tape exfoliated onto Si
substrates with 300 nm of oxide and prepatterned Cr/Au
alignment marks. A high mobility up to 37 000 cm® V™' s™! was
obtained, without considering the short-range scattering effect.
It has been argued since that the barrier to the scalable high-
mobility CVD graphene is not the growth technique but rather
the choice of the substrate that minimizes carrier scattering.
Indeed, as the ultraflat 2-dimensional structure of h-BN
provides a smooth substrate for graphene to sit on, Wang et
al. worked out a BN/graphene/BN radio frequency (RF) field-
effect transistor (FET), which had h-BN as both the substrate
and the %ate dielectric with bilayer graphene as the channel
material.”* The mobility (15000 cm? V™' s7') and carrier
velocity (3.5 X 107 cm s™") of the BN/graphene/BN structure
were measured and found to be higher than the mobility of the
SiO, substrates (1500—2000 cm® V™! s7!) and the carrier
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velocity of ALO; gate dielectrics (2.5 X 107 cm s7%),
respectively. For multilayered heterostructures of graphene
and BN, in which mono- and bilayered graphene crystals are
individually contacted and interlaid between atomically thin h-
BN crystals, it has been made possible that the interface
between graphene and h-BN does not contain more than a
small fraction of a monolayer of adsorbates.'”" That is to say,
the interface can be atomically sharp, and the contamination
(hydrocarbons) inevitably present on top of the 2-dimensional
crystals and trapped during their assembly is more likely to be
segregated.

For practical applications, h-BN monolayers produced
through the micromechanical cleavage of a bulk h-BN crystal
may be limited to certain sizes and techniques. To realize large-
area h-BN layers with high quality, Lee et al. adopted a CVD
process, in which Cu foils acted as the catalyst.'”* Taking into
consideration that the quality of the thin film grown on a
metallic substrate through surface adsorption would be affected
by the surface morphology, as is the case for graphene grown
on Cu foils,"””'** they introduced thermal annealing (TA) or
thermal annealing/chemical polishing (CP) to control the
surface morphology of the foil. Microscopic data revealed that
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the number of impurity particles in the h-BN nanosheets grown
on the treated Cu foil decreased, relative to that in the h-BN
nanosheets grown on the pristine Cu foil, as shown in Figure
19a—c. Afterward, the h-BN nanosheets were transferred onto
SiO, (300 nm thick)/Si wafers, which also led to a
corresponding decrease in surface roughness, as shown in
Figure 19d—f. An FET based on graphene was fabricated
utilizing the transferred h-BN nanosheets as a buffer layer on
the SiO, gate dielectric. It was found that this morphological
control of the Cu catalyst also improved the crystallinity of h-
BN, and therefore led to a higher (2 times) mobility than that
obtained without using the h-BN nanosheets.

Having noticed that both graphene and BN layers could be
grown of their precursors independently using CVD on metallic
substrates, Ajayan and co-workers also demonstrated a large-
area growth sequence for graphene/h-BN (G/h-BN) stacked
structures. They achieved this by combining the separate CVD
growth processes used for graphene and h-BN, as illustrated in
Figure 20.'” First, the graphene film was grown on a Cu foil
using a liquid C source (n-hexane), and then the h-BN film was
grown with an ammonia—borane mixture (NH;—BH;) under
optimized parameters. After being transferred onto the
substrates, it was observed that the G/h-BN film was relatively
uniform and continuous, which was useful for further
characterization and device fabrication. On the other hand,
direct graphene growth on h-BN without any underlying
metallic catalyst layer would be of interest when the additional
steps of either transferring the graphene film onto a Si wafer or
removing the metallic catalyst under high temperature are not
desirable. Ding et al. demonstrated the CVD growth, from
CH,, of few-layer graphene on h-BN single-crystal flakes
without any assistance of metallic catalysts.'”® The film
deposition was carried out at 1000 °C, and the number of
layers was tuned by adjusting the growth time and the CH,
flow rate. These studies again identify that the semiconductor
BN, with excellent dielectric properties, matches very well with
graphene, proving it is one of the effective candidates for
promoting graphene growth.

4.2. Gallium Arsenide (GaAs) and Graphene

Some of the III-V compounds, GaAs in particular, crystallize in
a zinc blende structure where, under normal pressures, the two
face-centered cubic lattices of the diamond structure are
occupied by Ga and As, respectively.'”” GaAs is of a medium
gray appearance, and with moderate difficulty can be polished
using mechanical methods.'”® Many of the band structure
parameters for GaAs are known with a greater precision than
for other semiconductor compounds.'’® This is especially
reflected in the band gap energy of GaAs, which is 1.519 eV, at
low temperatures approaching 0 K, and 1.424 eV, at 297 K.'*®
Because of its direct band gap, GaAs can be used to emit light
efficiently. Traditionally, it has been exploited as an electronic
material or a device medium in compound-semiconductor-
related areas. Recent progress in making GaAs nanoscaled
structures has shown that it can also be used to enable high-
speed transportation in electronically or optically active
devices, 174199200

The reader will have surmised from our discussions
throughout that graphene layers have been frequently located
on SiO,/Si substrates to be identified using Raman spectros-
copy.”??%* This is due to the early reported studies of
graphene which generally adopted mechanical exfoliation.
When graphene nanosheets are placed on top of the Si wafer
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with an oxide layer (e.g, 300 nm thick), by using an optical
microscope it has been demonstrated that graphene exhibits
decent visibility.'””> Any deviation in the thickness of the oxide
layer will usually greatly affect the visibility of the graphene,
because the optical contrast between the substrate and
graphene depends on the thickness of the substrate for a
certain wavelength.*’ For example, only a 5% difference in SiO,
thickness (315 nm instead of the standard 300 nm) makes
single-layer graphene completely invisible." To expand the use
of Raman spectroscopy, which is a convenient technique for
identifying and counting graphene layers, as a nanometrology
tool for graphene and graphene-based devices, Calizo et al.
investigated the influence of substrates on the room-temper-
ature Raman scattering spectrum from micromechanically
cleaved graphene.””>*%* It was however discovered that the G
peak recorded for graphene on the n-type (100) GaAs substrate
was essentially in the same location (positioned at 1580 cm™)
and of the same shape as that for graphene layers on Si/SiO,
(300 nm).

Therefore, considering the use of GaAs for ultrafast
electronics and optoelectronics, one would expect that
combining graphene and GaAs should prove advantageous
and lead to additional opportunities, provided both materials
are easily visible together. Ahlers and co-workers claimed that a
tailored GaAs—aluminum arsenide (AlAs) multilayer structure,
with a special sequence of GaAs and AlAs layers, should make
mechanically exfoliated graphene just as visible on GaAs as on
Si/Si0,.°% They prepared mono-, bi-, and multilayers of
graphene on GaAs—AlAs substrates, which had three double
layers of AlAs on GaAs, and performed the contrast analysis
through a standard microscope objective with a numerical
aperture of 0.9 (NAO0.9), using a green filter with a rectangular
passband from 530 to 570 nm. The wavelength of minimum
reflectivity and hence maximum contrast was determined by
adjusting the thickness of the GaAs and AlAs layers, which in
this case was 36 nm. Taking into account the advantage of the
surface quality of the GaAs, they also investigated the electronic
and magnetotransport properties of the combined material of
exfoliated graphene on GaAs—AlAs substrates.””® Tunability of
the carrier density was achieved by using a Si-doped (300 nm)
GaAs substrate as the back gate, whereby the GaAs—AlAs
multilayer provided the optical visibility as well as the insulating
barrier between the back gate and the graphene. On the other
hand, a different approach reported the growth of graphene on
GaAs—AlAs. It was based on the formation of graphitic C using
molecular-beam epitaxy (MBE).””” The graphitization involved
growing highly C-doped GaAs on AlAs, which was then
thermally etched in situ (reflection high-energy electron
diffraction, RHEED), leaving behind C atoms on the surface,
presumably due to their low vapor pressure. Also, the
demonstrated visibility of graphene on the GaAs-based material
could potentially even increase the possibility of integrating the
CVD graphene and GaAs—Al,Ga,_,As heterostructure into a
hybrid FET.”""

Further to this, Peters et al. attempted to enhance the
visibility of graphene on GaAs-based substrates by spin-coating
PMMA resist on micromechanically cleaved graphene.”” A
PMMA coating layer with an optimum thickness had already
been proven effective for intensifying the contrast of single-
layer graphene on many substrates.”'" Subsequently, they
noticed that single-layer graphene sheets became visible in an
optical microscope when the thickness of the PMMA layer was
well-defined. Apart from this relatively precise thickness
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Figure 21. Schematic illustration of the key steps for fabricating PSL—Gr/M architectures. (a) Steps for fabricating vertical PSL arrays: (i) self-

assembly of SiO, spheres on PMMA-coated semiconductor epilayers, (ii)

ICP etching to produce the PSL array, and (iii) removal of SiO, spheres

and PMMA layers with sonication in acetone. SEM images of the samples at each step appear at the bottom. (b) Steps for fabricating free-standing
sheets of Gr/M: (i) graphene synthesis, (i) metal layer deposition, and (iii) separation of the Gr/M sheet from the substrate. (c) Integration of the
PSL array and Gr/M followed by thermal annealing. Reprinted from ref 213. Copyright 2010 American Chemical Society.

control, the advantage of the PMMA overlayer, which is a
commonly used resist for e-beam lithography, rests also on the
fact that it can be used to pattern graphene.”'' To study the
influence of this characteristic on the morphology of graphene,
Stoberl et al. spun the PMMA resist onto mechanically
exfoliated graphene flakes on the GaAs substrates.”'” They
used either optical microscopy or SEM to identify suitable
flakes. Subsequently, further analyses of the graphene
morphology using AFM strongly indicated that the graphene
sheets followed the texture of the sustaining substrates,
independent of doping, polarity, and roughness.

Lee et al. reported a type of device that combined vertical
arrays of 1-dimensional pillar-superlattice (PSL) structures with
2-dimensional graphene sheets for producing LEDs.”"® Here
graphene was mounted directly on the PSL to form a
suspended structure, as schematically illustrated in Figure 21.
The vertical array of PSL structures was fabricated from group
III-V epitaxial semiconductor layers by combining colloidal
nanosphere assemblies and deep inductively coupled plasma
(ICP) etching techniques. The epitaxial semiconductor layers
included Aly,sIngsGag,sP/Gagelng,P (6 nm/6 nm) multi-
quantum well (MQW) structures sandwiched in p-type
contact—spreader—cladding layers and n-type cladding—spread-
er—contact layers grown on GaAs substrates. It was argued that
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thermal annealing of the graphene/metal (Gr/M) contact to
GaAs would induce diffusion of metal atoms from the top
graphene layers to the p-GaAs contact layers. This should
improve the electrical contact properties and, thus, enhance the
carrier injection to the PSLs for light emission. On the other
hand, Munshi et al. used an atomic model to explore possible
epitaxial growth configurations applicable to conventional
semiconductors.”'* Using the self-catalyzed vapor—liquid—
solid technique by means of MBE, they demonstrated the
growth of vertically aligned GaAs nanowires on graphite and
few-layer graphene.

4.3. Gallium Nitride (GaN) and Graphene

GaN-based devices include LEDs, laser diodes, and UV
detectors, with respect to photonics, as well as microwave
power and ultra-high-power switches in the case of
electronics.””” It has been well established that the equilibrium
crystal structure of the III-V nitrides is the wurtzite 2H
polytype.”'® In contrast, GaN (and InN) can also crystallize in a
metastable zinc blende 3C structure.”'® As a matter of fact, the
crystal structure of GaN is strongly influenced by both the
nature of the material and the orientation of the substrate.”'” In
general, the wurtzite materials grow on hexagonal substrates,
whereas zinc blende can be grown on cubic substrates. This is
due to the fact that both wurtzite and zinc blende crystal
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Figure 22. (A) Schematic illustrations of the fabrication processes for epitaxial GaN thin films. (B) Optical microscopic image of oxygen-plasma-
treated graphene layers. (C) and (D) are SEM images of the ZnO nanowalls grown on plasma-treated graphene layers (C) and the GaN thin film
grown on ZnO nanowalls on plasma-treated graphene layers (D). Reprinted with permission from ref 219. Copyright 2010 American Asssociation

for the Advancement of Science.

structures are interpenetrating sublattices of the group IIl and V
elements in which every atom is tetragonally coordinated with
four atoms of the opposite species. The crystal structures differ
only in their stacking sequence along the (111) axis. Growth on
a (111) plane does not act as a template for the zinc blende
growth, and the equilibrium wurtzite structure is obtained.”'”
The wurtzite polytypes of GaN have a direct band gap of about
3.4 eV, which means they are capable of high-power and high-
temperature operations. Indeed, like SiC, GaN has both a high
electron saturation velocity and a large breakdown field, and
this, combined with high thermal conductivity, makes it an
excellent candidate for devices operating under extreme
conditions.

However, in spite of some notable advances in graphene
research, currently, the practical implementation of graphene
into GaN-based devices, for the purpose of improving their
mechanical and optoelectronic properties, remains a challenge.
One critical obstacle to the integration of graphene with GaN is
that direct epitaxial growth, which is an established way of
producing high-quality GaN,”'® of nitride on graphene
materials is extremely difficult. Chung et al. observed that, in
their attempts to grow epitaxial nitride thin films on
mechanically exfoliated graphene, mirror-smooth epitaxial
GaN thin films could not be grown on pristine graphene
layers.”"” This was attributed to the lack of chemical reactivity.
Fortunately, the results showed that although GaN nucleation
did not occur on the basal plane of pristine graphene, GaN
islands could be grown readily along the naturally formed step
edges. Thus, as shown in Figure 22, they created more step
edges by treating the graphene surface with oxygen plasma,
which made the surface rough, and then grew high-density ZnO
nanowalls along the step edges formed on the treated graphene
layers.”’ A catalyst-free metal—organic vapor-phase epitaxy
(MOVPE) process was used. It was proposed that the GaN
layers were heteroepitaxially grown on the ZnO nanowalls
because both GaN and ZnO have a wurtzite crystal structure
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with small lattice misfits that are within 2%. As an intermediate
layer for GaN growth, the high-density ZnO nanowalls play a
critical role under such conditions. This is due to the fact that
the crystallinity and the morphology of the GaN depend to a
large extent on the density and the quality of the nanowalls.
More recently, following this same strategy of growing an
intermediate layer of ZnO on CVD graphene, Chung et al. also
realized the growth of GaN on amorphous SiO, substrates.”*’
In this case, there was no epitaxial relationship with GaN either.
Although the nitride thin films grown were not single crystals, it
was observed that the surface morphology of the nitride thin
films was flat and uniform with a high c-axis orientation. This
model was utilized by the authors to further fabricate LEDs,
which reportedly exhibited strong light emission that could be
seen with the unaided eye under room illumination.

This technique of growing high-quality inorganic semi-
conductor thin films indirectly on amorphous substrates led to
the creative inspiration for the fabrication of LEDs on large-area
noncrystalline solid substrates. Consequently, research on the
direct epitaxial growth of GaN-based blue LEDs has been
motivated at an even more advanced level. For example, Han et
al. investigated the direct epitaxial growth of GaN on RGO,
which acted as a buffer layer for the overgrowth.””’ The RGO
pattern was produced using a combination of photolithography
and spray-coating methods on sapphire substrates. Afterward,
undoped GaN was grown from a previously deposited GaN
nucleation layer on the RGO pattern, under high temperatures
and low pressures. Trimethylgallium and ammonia were used as
the gallium and nitrogen sources, respectively. Since RGO
generally shows high thermal conductivity and rapid heat-
dissipating ability,”***** it was shown that the LED chip with
embedded RGO outperformed its conventional counterpart by
emitting bright light (about 33% enhancement in the light
output power) with a relatively low junction temperature (up to
25% reduction) and thermal resistance (up to 30% reduction).
Overall, this work has demonstrated that the embedded RGO
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Figure 23. Batch fabrication for GaN-based LEDs with patterned MLG electrodes: (i) an MLG film floats after etching of the Ni substrate with
FeCl,, (ii) the MLG film is transferred onto GaN-based LED epilayers, (iii) patterned PR etch masks are formed by photolithography, (iv) etching of
the MLG film and the GaN LED epilayers is performed, (v) the PR is removed, and (vi) metal electrodes are deposited to complete the device
fabrication. PR = photoresist, and MQW = multiquantum well. Reprinted with permission from ref 224. Copyright 2010 IOP Publishing.
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Figure 24. Schematic illustration of the fabrication process of the top-gated graphene transistor with a GaN nanowire as the self-aligned top gate. (a)
A GaN nanowire is aligned on top of the graphene. (b) The external source, drain, and top-gate electrodes are fabricated using electron beam
lithography. (c) Deposition of a 10 nm Pt film to form the source and drain electrodes self-aligned with the nanowire gate. (d) Schematic illustration
of the cross-section of the device. (¢) SEM image of the cross-section of the GaN nanowire/graphene device, illustrating well-separated source and
drain electrodes due to the nanowire shadow effect. (f) Schematic energy band diagrams of a single GaN nanowire on graphene. EF, EC, and EV are
Fermi level, conduction band, and valence band, respectively. Reprinted from ref 233. Copyright 2010 American Chemical Society.

pattern not only aids the growth of single-crystal high-quality and even promote the applications of graphene-based thin films
GaN, but also acts as a heat-dissipating layer. as transparent electrodes for optoelectronic devices. This aim

To develop graphene on a practical scale applicable to has led to further important work in this field. Kim et al.
optoelectronic devices, Jo et al. employed multilayer graphene produced graphene-based transparent conductive electrodes as

(MLG) films, which were CVD-synthesized on Ni, as the current-spreading layer in UV GaN LEDs.”*>**° Their
transparent electrodes in GaN-based blue LEDs.*** Figure 23 graphene source deposited onto the surface of the UV LED was

shows the fabrication process of the LED devices with MLG either mechanically exfoliated or transferred from Cu substrates
electrodes. The authors observed that the MLG electrodes on (after the CVD). Caldwell et al. reported a dry transfer
the GaN LED devices presented intense EL spectra and a sheet technique using Nitto Denko Revalpha thermal release tape,
resistance of ~620 €/[] with a transparency of more than 85% which enabled the transfer of epitaxial graphene (squared, up to
in the 400—800 nm wavelength range. This implies that the 16 mm on one side) from the C-face SiC “donor” substrate
MLG electrodes effectively operate as a transparent current- onto various “handle” substrates, including both p-type and n-
spreading layer. Therefore, it was suggested that CVD- type GaN substrates.””” It is expected that this transfer
synthesized graphene could advance conventional GaN LEDs, technology will enable epitaxial graphene films to be compatible
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with GaN substrates for use as optically transparent contacts in
optoelectronic applications. However, further improvement in
the thickness and uniformity of the C-face epitaxial graphene
films would make the process even more reliable. The fact that
the use of bare graphene as a window electrode in p-type GaN
would pose intrinsic limitations for current injection due to its
work function (~4.5 eV), which is smaller than that of p-type
GaN (7.5 eV), inspired Lee et al. to insert thin Ni/Au between
graphene and p-type GaN to reduce the contact resistance of
the GaN LED.”*® Their measurements showed that the contact
resistance was reduced from ~5.5 to ~0.6 Q/cm ™2, while the
optical transmittance exceeded 78% for visible light. As a result,
the GaN LEDs incorporated with metal/graphene electrodes
gave rise to current spreading and injection into the p-type
GaN layer. This led to a 3-fold enhancement in the
electroluminescent intensity, compared with that generated
from graphene alone, as well as a strong uniform blue light
emission. Chandramohan et al. inserted a Au layer between
multilayer graphene and p-GaN to decrease their work function
difference. This improved the electrical coupling between
graphene and p-GaN and the forward voltage of the GaN-based
LED consisting of MQW structures.””” Choe et al. focused on
the role of Au nanoparticles, rather than an entire continuous
interlayer, for decorating multilayer graphene electrodes for use
in GaN-based optoelectronic devices.””" Thus, they improved
the electrical conductivity and modified the work function of
the graphene films. Alternatively, Seo et al. applied ITO
nanodot nodes onto the surface of the p-type GaN layer to
combine it with graphene, which was directly deposited as the
transparent electrode in InGaN/GaN MQW LEDs, with the
view to optimizing the electro-optic characteristics in the UV
region. 31232

Since GaN is a suitable candidate for high-temperature and
high-power applications, integration of GaN and graphene has
also led to the development of new types of transistors. Liao et
al. reported the fabrication of graphene transistors with a sub-
100 nm channel length using a highly doped n-type GaN
nanowire as the local gate.””’ Figure 24 illustrates the
fabrication approach of these graphene transistors. Highly n-
doped GaN nanowires were synthesized using a metal—organic
chemical vapor deposition (MOCVD) method and transferred
on top of the graphene, which was mechanically peeled onto a
doped p-type Si substrate with a 300 nm thick thermal SiO,
layer. Following this, e-beam lithography and metallization (Ti/
Au, 50 nm/S0 nm) were performed to define the external
source, drain, and gate electrodes. A thin layer of Pt (10 nm)
was then deposited on top of the graphene across the GaN
nanowire in which the GaN nanowire separated the Pt film into
two isolated regions that formed the self-aligned source and
drain electrodes next to the nanowire gate. In this device, the
contact between graphene and the GaN nanowire created a
Schottky-like barrier which prevented significant charge leakage
between the graphene channel and the GaN nanowire gate.
The interface depletion layer in the GaN nanowire functioned
as a “semi-high-k” gate dielectric (k ~ 10), and the GaN
nanowire itself functioned as the local gate. It was conceived
that the triangle cross-section of the GaN nanowire with a flat
side surface would allow a seamless contact between the
nanowire gate and the graphene to ensure the critical gate
coupling for producing high transconductance. By using GaN
nanowires of optimized sizes as the local gate, terahertz
operation is likely to be achieved even in smaller transistors.
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5. OXIDE SEMICONDUCTORS AND GRAPHENE

Oxide semiconductors have been thoroughly investigated for
their inherent features utilizable in transparent electrodes.”*****
These advantages are mainly related to their durability, high
carrier density (n-type), compatibility with plastic substrates,
fairly wide band gaps, and colorability.”*° Progress in the
growth techniques for thin oxide films has increased the
competence of the oxide semiconductors against conventional
compound semiconductors. Therefore, oxide semiconductors
have the potential to develop new functionalities for novel
optoelectronic devices that are hard to realize with previously
established semiconductor technologies. Many studies have
emerged on the integration of oxide semiconductors and
graphene for realizing higher performances or new features. In
this context, two typical oxide semiconductors, TiO, and ITO,
will be discussed in this section.

5.1. Titanium Dioxide (TiO,) and Graphene

TiO, is frequently studied because it is abundant, low-cost, and,
to some extent, environmentally benign as well as being an
efficient and stable photocatalyst.””’ Its effectiveness has also
been demonstrated in nanostructure and conductive coat-
ings.”** 7" Basically, there are three main types of TiO,
structures: rutile, anatase, and brookite. Zhang and Banfield
pointed out that, for ultrafine TiO, particles, anatase is the most
stable phase when the particle size is less than 11 nm, brookite
is the most stable phase when the particle size is between 11
and 35 nm, and rutile is the most stable phase when the particle
size is greater than 35 nm.”*' Accordingly, it is widely
acknowledged that the thermodynamic phase stability of
TiO, depends on the particle size when the particles are
ultrafine, although the environment of the particles can play an
important role in fixing the phase.”*>**’ The rutile and anatase
phases of TiO, have attracted a lot of attention, since they are
related to the most practically oriented work. The band gap
energies for rutile TiO, and anatase TiO, are estimated to be
3.0 and 3.2 eV, respectively.”*” This means TiO, can only be
excited under irradiation of UV light at wavelengths of less than
380 nm,244_ which of course covers only ~5% of the solar
spectrum.”** With regard to photocatalytic performance, it was
proposed to link the application of graphene materials with
TiO,, thus giving rise to the primary research area of TiO,—
graphene composites.

In an early work of the TiO,—graphene composite
nanostructures by Kamat and co-workers, they reported
successfully carrying out the UV-induced photocatalytic
reduction of GO.”*° Since charge separation takes place upon
UV irradiation of the TiO, colloids in ethanol (alcohol), they
suggested that the holes were scavenged to produce ethoxy
radicals, thus causing the electrons to accumulate within the
TiO, particles (reaction 3). The accumulated electrons would
serve to interact with the GO sheets and then reduce certain
functional groups (reaction 4).

TiO, + hv — TiO,(h + e)

C,H,OH

——— TiO,(e) + "C,H,OH + H* 3)

4)

They added GO, which was prepared using the Hummers
method, into the TiO, colloidal suspension, and performed
subsequent sonication for 30 min to finally produce the
dispersion of GO sheets coated with TiO, nanoparticles (2—7

TiO,(e) + GO — TiO, + RGO
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nm), as schematically shown in Figure 25. UV irradiation was
carried out using an Oriel 450 W xenon arc lamp. The change

Figure 25. TiO,—graphene composites and their response under UV
excitation, with color change of the TiO, nanoparticles and GO before
and after UV irradiation. Reprinted from ref 246. Copyright 2008
American Chemical Society.

in color from brown to black indicated the reduction of GO
resulting from partial restoration of the 7 network within the
carbonaceous structure.”*”~>*’ In other words, the suspended
GO in ethanol becomes chemically reduced as it accepts
electrons from UV-irradiated TiO,. Also, as a result of this
particular work, it was suggested that the direct interaction
between the TiO, particles and the graphene sheets would
hinder the collapse of the exfoliated sheets of graphene.
Recalling the features of typical group II—VI semiconductors
previously discussed in this review, it is clear that the TiO,
characteristics show great similarities with respect to photo-
catalysis. Taking into account the reduction of GO by

photoexcited TiO,, the Kamat group further investigated the
ability of RGO to act as a 2-dimensional support to store and
shuttle electrons. This work was based on their previous
investigations into C materials, including CNTs, that are
analogous to graphene.”*>** They anchored TiO, and Ag
nanoparticles at separate sites of a graphene sheet, and
demonstrated that photogenerated electrons from UV-irradi-
ated TiO, (~3 nm) were transported across RGO to convert
Ag ions into Ag.253 Also, the photocurrent generation of the
TiO,—RGO films was probed by depositing them as photo-
anodes onto an optically transparent electrode.”™* After
irradiation by the UV light, the excited TiO, electrons were
collected by the electrode. This resulted in a significant
enhancement of the photocurrent (more than 90%) relative to
that of the counterparts made from pure TiO, films. Such an
effect was attributed to graphene’s electron-accepting ability.
Since graphene’s zero-field conductivity (within the limits of
the vanishing charge carrier concentration), 0y, does not
disappear, but instead exhibits values of the order of 4 e*/h
(close to the conductivity quantum e?/h),"”>*** it is clear that
graphene’s electron-conducting ability is distinctively different
from that of many other materials. It has also been
demonstrated that the conductivity of graphene nanosheets is
sufficient for antistatic applications. Even the conductivity
(~7200 S m™") of relatively thick graphene paper at room
temperature is comparable to that of chemically modified
single-walled CNT paper.”’” In addition, this role of graphene

GO sheet

Reduction of
GO sheets &
Crystallization
of TiO,

Graphene-wrap

'.I'|:I)E NP [anéta

Figure 26. Synthesis steps for graphene-wrapped anatase TiO, nanoparticles (NPs) and corresponding SEM images. (A) Synthesis steps of
graphene-wrapped TiO, nanoparticles. The surface of amorphous TiO, nanoparticles was modified by APTMS and then wrapped by GO nanosheets
via electrostatic interaction. Graphene-wrapped anatase TiO, nanoparticles were synthesized through one-step hydrothermal GO reduction and
TiO, crystallization. (B) SEM images of bare amorphous TiO, nanoparticles prepared by the sol—gel method. (C) SEM images of GO-wrapped
amorphous TiO, nanoparticles. The weight ratio of GO to TiO, was 0.02:1. (D) SEM images of graphene-wrapped anatase TiO, nanoparticles. The
scale bar represents 200 nm. Reprinted with permission from ref 266. Copyright 2012 John Wiley and Sons.
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Society.

acting as an active conductor or a conductive additive is
reflected in the work performed by other groups on graphene—
TiO, composites. For example, Zhang et al. demonstrated that
the TiO,—graphene system based on commercially available
P25 nanoparticles and GO showed a better performance in the
photodegradation of methylene blue than either P25 alone or
the composites of P25—CNT.”*® Presumably, this was due to
the excited electrons transferring more efficiently through TiO,
to graphene.”” Another relevant case showed that the use of
graphene in hybrid nanostructures enhanced Li ion insertion/
extraction kinetics in TiO,.”*® This will be illustrated in Figure
27 and discussed in more detail below.

The role of graphene-based nanostructures in taking
advantage of the photocatalytic activity of semiconductor
nanoparticles has been employed in an ensuing range of studies
exploring the properties of TiO,—graphene composites.
Akhavan et al. deposited GO platelets on anatase TiO, thin
films, which induced photocatalytic reduction of the GO
platelets with UV—vis light when the composites were
immersed in ethanol.”>” The composite films were then
utilized as nanocomposite photocatalysts for the degradation
of Escherichia coli bacteria in an aqueous solution under solar
irradiation. On such occasions, the photocatalytic and
bactericidal activities of the TiO,-based materials were
improved by graphene with an increase in the electron transfer

239,260,261
rate.

Noting that metal oxide semiconductors
decompose carbonaceous bonds in the photocatalytic proc-
ss,'%”%% the authors also physically attached TiO, nano-
particles (~15 nm), using Kamat’s method, to chemically
synthesized single-layer GO nanosheets, which were deposited
between Au electrodes. The aim was to examine in more detail
the behavior of the TiO,—GO composite when exposed to UV
irradiation.””> The photocatalytic reduction was nearly
completed after UV irradiation for 2 h and resulted in a
significant increase in the graphitized sp® structure over the
disorders in the GO. However, since the C content decreased

8318

in the local oxidation between the graphene and the
photocatalyst, as a result of the UV irradiation, degradation of
the reduced sheets appeared after the photocatalytic reduction.
Thus, it was suggested that longer photocatalytic processes
would cause a high increase in the resistivity, because of the
photodegradation of RGO sheets. When TiO,—graphene
composites were synthesized using tetrabutyl titanate and GO
with the assistance of calcination, the calcination atmosphere
was shown to affect the photocatalytic activity.”** A particularly
decent performance was observed for those samples calcined in
a nitrogen atmosphere. This was attributed to the existence of
oxygen vacancies generated from the TiO, lattice during the
calcination process.”*® These oxygen vacancies were supposed
to act as electron traps for the photocatalytic reaction.
Alternatively, coating TiO, with graphene-related materials
has also been shown to lead to enhanced photocatalytic activity.
Early studies have demonstrated that graphite-coated TiO,
composites show higher photocatalytic activity than the
common TiO, photocatalyst (Degussa P2S5). 267268 On the
basis of this, Zhang et al. fabricated TiO,—C core—shell
structures through a hydrothermal method, usmg commercial
TiO, and glucose as the starting materials.”*” They further
graphitized the carbonaceous cages by calcination in a tube
furnace at 800 °C in N,. The surface hybridization of TiO, with
graphite-like C layers a few nanometers thick yielded an
efficient separation of electron—hole pairs under UV
irradiation. This is because of the high migration efliciency of
photoinduced electrons at the TiO,—C interface. Recently, Lee
et al. prepared graphene—anatase TiO, hybrid nanoparticles by
wrapping amorphous TiO, nanoparticles with GO, followed by
GO reduction and TiO, crystallization via a hydrothermal
treatment.”*® The synthesis steps are shown in Figure 26. The
GO-wrapped amorphous TiO, nanoparticles were made by
coassembling positively charged TiO, nanoparticles with
negatively charged GO nanosheets, which were reduced during
the process. Presumably, due to the direct interaction between
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the C and Ti atoms on the nanoparticle surface during the
hydrothermal treatment, the TiO,—graphene nanoparticles
exhibited a red shift of the band edge and a reduction of the
band gap (2.80 eV). This allowed more absorption of visible
light and transfer of photogenerated electrons, and thus
enhanced the photocatalytic activity under visible light.
Incidentally, the band gaps of the samples were determined
using the Kubelka—Munk function versus light energy (i.e., the
relationship of [ahv]? versus photon energy, where « is the
adsorption coefficient), corresponding to the absorption
spectra.”’® Since the combination of GO and TiO, nano-
particles in a core—shell structure maximizes the interfacial
contact between them, the photocatalytic activity has great
potential to exceed that of the TiO, nanoparticles loaded onto a
larger graphene sheet.””' Indeed, it was pointed out that the
band gap of the TiO, nanoparticles (6—8 nm) attached onto
single-layer GO sheets had to be even narrower than 2.43 eV to
surpass the TiO,—GO counterpart of P25 TiO, in visible light
photocatalytic performances.”””

Apart from the photocatalytic characteristic that attracts the
most attention for TiO,—graphene composites, TiO, has also
shown active electrochemical performance that can be modified
with graphene. Wang et al. have demonstrated that nano-
structured TiO,—graphene hybrid materials are better in terms
of Li ion insertion/extraction kinetics than TiO,.**® Anionic
sodium dodecyl sulfate (SDS) surfactants, which can adsorb
onto graphene to form functionalized graphene sheets (FGSs)
that highly disperse and interact with the oxide precursor,”””
were used to assist the stabilization of graphene in aqueous
solutions and facilitate the self-assembly of in situ grown
nanocrystalline TiO, (either rutile nanorods or anatase
nanoparticles) with graphene, as shown in Figure 27a.
Measurements revealed that, with the incorporation of FGSs,
the specific capacity of TiO, in the hybrids increased for all
tested charge/discharge rates compared with that of the control
(pure) TiO,, as shown in parts b and ¢ of Figure 27. The cycle
life of a rechargeable cell is a measure of the loss of capacity as
the cell is fully charged and discharged numerous times.””*
Usually, it is characterized in percent loss over a number of
cycles. For a battery that consists of one or more electrically
connected rechargeable cells, the cycle life is related to the
number of discharge—charge cycles the battery can undergo
before it fails to meet certain performance criteria (battery
failure) under specific charge and discharge conditions, such as
temperature and humidity.””>*’® In this context, discharge is
defined as an operation in which a battery delivers electrical
energy to an external load and charge is an operation in which
the battery is restored to its original charged condition by
reversal of the current flow. That is to say, the charge—
discharge process refers to the cycle of electricity passing
through a rechargeable battery from a charger and afterward
releasing it into the external electrical load. Since graphene has
excellent electronic conductivity, the improved capacity at high
charge—discharge rates is attributed to the increased electrode
conductivity in the presence of the percolated graphene
network embedded with TiO, electrodes. The FGSs used in
this study of TiO,—graphene hybrid materials**® were prepared
through thermal exfoliation of graphite oxide, during which the
dried graphite oxide was rapidly heated (>2000 °C/min, up to
1050 °C) and split into individual sheets through the thermal
expansion of evolved gases. These gases included to a large
extent CO, generated from the decomposition of the oxygen-
containing groups of the graphite oxide.”’” Because of the
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elimination of oxygen from the functional groups and any
residual water during the rapid heating, an increase in the C/O
ratio leads to the reduced GO state.””” This also allows the C/
O ratio to be tuned within a certain range, and thus, its
conductivity can be increased to higher values. Similarly,
thermal reduction was performed on the TiO,—GO materials
prepared via the hydrolysis of TiF, in the presence of an
aqueous dispersion of GO, which led to the formation of
anatase/rutile TiO,—RGO.””® However, in the photocatalytic
chemical reduction the TiO, was shown to retain the anatase
phase in the TiO,—RGO composites. In fact, heating at high
temperatures (up to 1100 °C) prompted the reduction of GO
via restoration of the sp* structure,”*’ and the TiO, in the
composites was shown to have undergone a partial phase
transformation from anatase to rutile. The onset temperature of
the transition from anatase to rutile was determined to be
between 700 and 750 °C.

The self-assembly approach mentioned in the paragraph
above is relatively easy to perform, making it a potential
pathway for the high-efficiency production of TiO,—graphene
composites. Further to this, a self-assembly process of TiO,—
graphene can also be performed using TiO, nanorods and GO
sheets at the water/toluene two-phase interface. This is a result
of the fact that the TiO, nanorods are prone to leave the
organic phase after adhering to the GO sheets due to the
coordination between the phenolic hydroxyls on GO and the
TiO,.”®" This means that the surfactants assisting the
connection of TiO, and graphene during the assembly are
replaceable with the two-phase process to furnish an alternative
approach. In addition, direct growth of TiO, nanocrystals on
GO sheets to prepare TiOz—graphene composites has been
reported in a two-step method.”* Here, TiO, was coated onto
GO sheets by hydrolysis and then crystallized into anatase
nanocrystals by a hydrothermal treatment. The TiO, nano-
crystals directly grown on graphene appeared to exhibit strong
interactions with the underlying GO sheets since sonication did
not lead to their dissociation from the sheets. This also
triggered a 3-fold enhancement in the kinetics of the
degradation reaction, under UV irradiation, of rhodamine B
(CyH3,CN,03) over P25. It is thus indicated that the
photocatalytic performance of the TiO,—graphene composites
was improved because the strong coupling facilitated interfacial
charge transfer (GO as an electron acceptor) and inhibited
electron—hole recombination.”**

Similar photocatalytic performances can be observed for
composites based on graphene and another oxide semi-
conductor, Fe, O3, which is one of the simplest oxides. Natural
Fe,O; mainly occurs in two polymorphic forms: cubic y-Fe,O;
and rhombohedral a-Fe,0;.°% The a-Fe,0, form (hematite) is
the most stable iron oxide compound material, and has also
been used as a photocatalyst.”*® Compared with TiO,, a-Fe,0,
has a smaller band gap of ~2.2 eV, which facilitates the optical
absorption in the range of visible light.”*”*** However, a-Fe,0;
usually exhibits a weak performance in photocatalysis due to its
short excited-state lifetime (~10 ps), low mobility (less than 1
cm? V™' s71), and short hole diffusion length (2—4 nm), which
can all significantly limit its efficiency in charge separation and
collection.”®”~*”* Tt has been demonstrated recently that a-
Fe,0;—graphene composites with well-defined distributions
exhibit improved photocatalytic efliciencies over pure a-
Fe,0,.”** Comprising 2-dimensional a-Fe,0; hexagonal nano-
plates (~200 nm) that are covered by reduced graphene oxide
(RGO), as shown in Figure 28, the aforementioned composites
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Figure 28. SEM image (a) of a-Fe,0; hexagonal nanoplates and TEM
image (b) of a-Fe,0;—RGO composites. Reprinted with permission
from ref 284. Copyright 2014 John Wiley and Sons.

are synthesized through template-free hydrothermal methods.
With such a combination of a-Fe,O; and graphene, a record
high photocatalytic activity for a-Fe,O; in degrading rhod-
amine B (98% for the composites and only 66% for the pure a-
Fe,O; within 20 min of irradiation) has been achieved for the
first time. The photocatalytic performances of the composites
indicate enhanced electron transfer rates and prolonged lifetime
of the photogenerated charge carriers. The role of graphene for
a-Fe,0; therefore, in terms of photocatalysis is believed to be
similar to that for TiO,, as previously discussed. This is despite
their different band gap energies.

5.2. Indium Tin Oxide (ITO) and Graphene

Over the past decade, the substitution of ITO by graphene-
based materials in transparent electrodes has been strongly
supported by extensive research because of the superior
transmittance and conductivity characteristics of gra-
phene.”****%*** 1TQ for its part is a wide band gap
semiconductor (3.5—4.3 eV) which shows high transmission
in the visible and near-infrared regions of the electromagnetic
spectrum.”” Typical compositions of ITO are a solid solution
of indium(III) and tin(IV) oxides, with In,O; weighing 90%
and SnO, weighing 10%. An ITO thin film sustains its chemical
stability under a wide range of temperatures,”**” and can thus
be used in harsh environments. Due to these unique properties,
before ITO is completely superseded by graphene, if ever, it
still shows considerable potential for producing hybrid
materials with graphene, either to improve the quality of ITO
or to support graphene.

Hong et al. fabricated composite films consisting of graphene
and a prefabricated polymer, poly(styrenesulfonate)-doped
poly(3,4-(ethylenedioxy)thiophene) (PEDOT—PSS), by spin-
coating the aqueous mixture of I-pyrenebutyrate (PB7)-
stabilized graphene and PEDOT-PSS on ITO at room
temperature.””® Since PEDOT—PSS is a conducting polymer
with strong film-forming ability,”””**" the composite films
exhibited high electrocatalytic activity as counter electrodes.
They catalyzed the reduction of I, to I" after electron
injection®°* in dye-sensitized solar cells (DSSCs), plus
they exhibited high transmittance (>80%) at visible wave-
lengths. In such a working scheme, ITO acts as the substrate,
without any thermal treatment, for the working electrodes
(graphene/PEDOT—PSS), which show better performances
than the commonly used catalytic electrode (Pt) or the
polymer used alone. Similarly, graphene prepared from natural
graphite with p-phenylenediamine (PPD) as the reducing
reagent also exhibited high conductivity on ITO (about 150 S
cm™'): it was 6 orders of magnitude higher than that of GO and
4 orders of magnitude higher than that in the normal plane of
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the film.*>> This was due to the weak contact among the
oriented graphene monolayers absorbing the residual PPD
oxidation product. The role of ITO as a transparent conducting
electrode can be further attuned by using graphene material
when it is deposited on top of the ITO as the electron-blocking
and hole-transporting layer. Li et al. used chemically derived
GO on ITO anodes to decrease the recombination of electrons
and holes and the leakage current for organic photovoltaics.*”*
Poly(3-hexylthiophene) (P3HT) and fullerene derivative
phenyl-C61-butyric acid methyl ester (PCBM) blends were
placed on top of the graphene to provide sites for charge
separation and bicontinuous pathways for efficient carrier
transport at the interfaces of the acceptor nanostructures and
the donor polymer matrix. It was reported that this resulted in
high efficiency of the organic photovoltaics comparable to that
of the devices fabricated with PEDOT—PSS as the hole-
transporting layer. The incorporation of GO between the
P3HT-PCBM layer and the ITO for the purpose of
constructing the photovoltaic device structure is shown in
Figure 29a. The corresponding energy levels of the components
are shown in Figure 29b. It is worth noting that the injection of
holes into the valence band of GO should be favored.

ITO

Figure 29. (a) Schematic drawing of the photovoltaic device structure
consisting of the following: ITO/GO/P3HT—PCBM/AL (b) Energy
level diagrams of the bottom electrode ITO, the interlayer materials
[(PEDOT-PSS, GO), P3HT (donor), and PCBM (acceptor)], and
the top electrode Al Reprinted from ref 304. Copyright 2010
American Chemical Society.

Also worth noting is the fact that when ITO is used as a
working electrode, it can assist the reduction of GO through
electrochemical methods. Liu et al. showed that a GO film
(prepared using the Hummers method) deposited onto an ITO
substrate using electrophoresis was electrochemically reduced
in situ.’>> This was achieved by an electrochemical workstation
involving a conventional three-electrode electrochemical system
which consisted of a graphene film-coated ITO slide as the
working electrode, a Pt wire as the counter electrode, and a Ag/
AgCl reference electrode in saturated KCl solution. Before
electrochemical reduction, the GO sheets, while undergoing the
electrophoresis process, migrated toward the ITO anode under
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a constant potential, where they eventually formed the GO film.
Using a similar strategy, Feng et al. prepared a graphene/
polyaniline (PANI) composite film using GO and aniline as the
starting materials.”’° The main objective was accomplished
through the electrochemical synthesis in a three-electrode
system, with the ITO (or glass carbon electrode) as the
working electrode, Pt as the counter electrode, and a saturated
calomel electrode as the reference electrode. Since the GO/
aniline suspension was cast onto ITO by spin-coating, the size
of the film could be controlled by exploiting the area of the
ITO. In addition, Zhuang et al. demonstrated that, as a result of
the electrochemical reduction of functionalized GO deposited
on ITO, electrons propagated with less scattering, thus giving
rise to increased conductivity (~10* S m™") of the composite
material at room temperature.”’’ Additionally, Das et al.
noticed that the Raman spectra of mechanically exfoliated
graphene on conducting ITO plates showed a lowering (a red
shift) of the G mode frequency by ~6 cm™, compared to that
(~1580 cm™) of bulk, highly oriented pyrolitic graphite
(HOPG).” A softening (~20 cm™) in the 2D mode of the
single- and few-layered graphene on ITO, compared to
graphene on SiO, (~2682 cm™), was also observed. Since
both the G and 2D bands are related to the physics of quantum
electrodynamics, it was only estimated that the lowering of the
frequency implies that, when deposited onto the conducting
ITO substrate, the unit cell constant of the graphene layer was
altered. On the other hand, there was a blue shift (~8 cm™) of
the G peak position for single-layer graphene on the SiO,/Si
substrate due to charge impurities. Nevertheless, what was
demonstrated is the possibility that the Raman spectra of
graphene on the conducting ITO plate as well as on the SiO,/
Si substrate will shift with the number of graphene layers.

On the basis of the above discussions regarding the use of
ITO as a supporting substrate for graphene, there are
indications that the combination of ITO and graphene can
also be used to support other materials, such as metal particles,
to improve their activity and performance. As a matter of fact,
metal oxides, such as for ITO, have adequate stabilities in
oxidizing environments.”'**"" This further supports the
feasibility of using ITO in supporting metal particles, when
electrochemical processes are involved. To minimize the
instability that may be caused by the high surface area and
any coarsening in long-term operations, Kou et al. synthesized
ITO nanocrystals (10—12 nm) directly onto functionalized
graphene sheets (thermally exfoliated),””® triggering the
formation of ITO—graphene hybrids. This is shown in Figure
30a,b. The ITO—graphene hybrids were then deposited with Pt
nanoparticles (~2 nm) to form the Pt—ITO—graphene triple-
junction structures (see Figure 30c—f).”*” Investigations
showed that the Pt nanoparticles were preferentially located
at the junctions between the ITO and the graphene. These Pt—
ITO—graphene triple junctions were found to be more
thermodynamically favorable than isolated Pt and ITO clusters
on the graphene sheets. This conclusion is supported by the
authors’ periodic density functional theory calculations, which
provided information on the interfacial binding. The strong
interactions improved the activity and stability of the Pt
nanoparticles on the ITO—graphene hybrid, which in turn led
to higher activity than that of other C counterparts such as Pt—
CNT hybrids. With such strong stability and activity, the Pt—
ITO—graphene may even prove a promising electrocatalytic
material for oxygen reduction, not to mention that the
graphene substrate would also be very resistant to oxidation.
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Figure 30. TEM images of ITO nanoparticles (NPs) on graphene
sheets (a, b), TEM images of Pt—ITO—graphene (c, d), and cross-
sectional TEM images of Pt—ITO—graphene (e, f). Inset: schematic
structure of a Pt—ITO—graphene nanocomposite. Reprinted from ref
309. Copyright 2011 American Chemical Society.

6. INTERPLAY BETWEEN INORGANIC
SEMICONDUCTORS AND GRAPHENE

From the above sections, readers have hopefully noted that the
way graphene and inorganic semiconductors are associated is
fairly dependent not only on the nature of the semiconductor
group, but also on the end purpose of the association and
ultimately the application. It leads to a subtle interplay between
graphene and the inorganic semiconductor. This can be framed
from two aspects. First, so far, about 4—5 principal methods for
graphene production have been reported. In addition, there are
several other methods that are either less accessible or
infrequently used. It is well-established that the form of the
graphene will vary in accordance with the synthesis method.
This in turn, of course, further affects the chemical and physical
characteristics of the graphene produced. A typical example
mentioned earlier in this review is the fact that graphene
epitaxially grown from SiC is different, in terms of its interlayer
structures and the operating conditions during the production,
from mechanically exfoliated graphene. Another example is the
visibility of graphene, which depends on the number of
graphene layers deposited onto a particular substrate. Never-
theless, this does not necessarily mean that multilayered
graphene is preferable, however good its visibility, to single-
layer graphene. Second, what can be confidently stated is that,
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since the nanostructures of inorganic semiconductors for use in
solid-state electronics exist in various phases and dimensions,
the structure as well as the synthesis method of the graphene
will need to match the inorganic semiconductor involved, both
physically and chemically. This is necessary to make the hybrid
material achieve or improve a particular function. It is essential,
therefore, to examine the effect of the synthesis techniques on
both the graphene and the inorganic semiconductors. This is in
addition to the intense efforts needed to improve the industrial
processing routes for efficient combination. On the basis of this,
not only the interplay between conjugated graphene and
inorganic semiconductors, but also the optimization of the
arrangement for the combination needs to addressed.

6.1. Synthesis of Graphene

6.1.1. Mechanical Exfoliation or Cleavage. It was only
after reports of mechanically exfoliated graphene appeared that
the massive production of single-layer graphene was initiated.
Such mechanical exfoliation techniques involve repeatedly
cleaving a graphite crystal, on the top of which small square
mesas are prepared using an oxygen plasma.'’ Highly oriented
pyrolytic graphite (HOPG) sheets, which are commercially
available, are frequently used as the starting material. To cleave
the mesas off the HOPG sample and then facilitate the peeling
of graphite flakes oft the mesas using Scotch tape, one has to
press the mesa-structured surface onto a photoresist and apply
a thermal treatment. Thin flakes consisting of single- or few-
layered graphene left in the photoresist can then be released in
acetone, and subsequently captured onto Si wafers with the
SiO, layer on the top.

One of the disadvantages of the mechanical exfoliation is
that, due to the fact that the graphene solutions in acetone are
more than likely to be mixed with both single- and few-layered
graphene sheets, to obtain a single-layer graphene sheet, success
depends on a fortuitous encounter. Also, manual peeling-off of
graphite is repetitive labor-intensive work. However, an
advantage is that mechanical exfoliation is easy to perform in
that it does not require any special environment or apparatus.
The captured graphene sheet on the SiO,/Si substrate can be
tuned for better contrast. In fact, despite the low production of
mechanical exfoliation, many graphene properties have been
evaluated using the mechanically exfoliated graphene (Figure
31).*'* Because of the high quality of the original single-crystal
graphite source, the graphene produced using mechanical
exfoliation retains high electrical and mechanical properties.’"

Scotch tape method of making
graphene

from HOPG

o

Figure 31. Mechanical exfoliation of graphene using Scotch tape from
HOPG. Reprinted with permission from ref 312. Copyright 2011
Elsevier.

8322

Nevertheless, clearly this approach is not suitable for the large-
scale production of graphene, and hence, it is necessary to look
into other options. Alternative strategies, including, among
others, the epitaxial growth of graphene layers on SiC through
sublimation and the direct growth of graphene (needing
transfer afterward) onto metallic substrates through CVD, have
already been noted in discussions in the previous sections.

6.1.2. Epitaxial Growth. Some early reported research
work on graphite formation demonstrated that heating either
the C-face or the Si-face on 6H-SiC (0001) and (0001) surfaces
to temperatures between 1000 and 1500 °C in ultrahigh
vacuum (UHV) caused sufficient sublimation of the Si to leave
behind a C-rich surface.”® It is clear that graphene-like
structures formed on the two polarized surfaces are adequately
distinguishable. In addition to the fact that graphene growth on
the Si-face is much slower compared with that on the C-face,
Si-face graphene is epitaxial with an orientational phase rotated
30° relative to the SiC lattice, while the C-face film can have
multiple orientational phases.”’* The orientational disorder in
C-face grown graphene sheets under UHV limits their appeal
for most studies on structure, growth, or electronics. However,
it has been demonstrated that preparing the epitaxial growth in
an evacuated radio frequency (RF) induction furnace, rather
than in UHV, improves the quality of the graphene-based films
grown on the C-face of 4H-SiC."" In the furnace environment,
the minimum graphitization temperature is 1420 °C, which is
somewhat higher than the minimum graphitization temperature
required to grow graphene in UHV on C-face SiC.”"> The
graphitization performed for 5—8 min in the furnace under a
pressure of 3 X 107> Torr produces 4—13 graphene layers. In
fact, the graphene film thickness can be adjusted by controlling
both the growth temperature and the growth time. The
coherent domains for the furnace-induced C-face graphite are
more than 3 times higher than those for the UHV-induced Si-
face graphite. This correlates with the high carrier mobility of
up to 27 000 cm® V™' s™! measured for the overlapped C-face
graphene and the low carrier mobility of ~1000 cm® V™' s7*
measured for the Si-face graphite films.>

Epitaxial growth leads to the production of graphene-based
films on SiC substrates without any transfer process, and this is
desirable for the subsequent work of producing semiconductor
devices. Kedzierski et al. fabricated arrays consisting of
hundreds of epitaxial graphene transistors on a single SiC
chip over many square millimeters.*'® The mobility in this case
approached 5000 cm® V™' s and the on/off current ratios up
to 7. Since these results corresponded to the C-face graphene
films grown in an RF furnace, this indicates that not only is the
long-range oriented order achievable in furnace-grown epitaxial
graphene on SiC, but also the graphene properties can be
sufficiently preserved for the transport in semiconductor
devices made from furnace-grown C-face films.

6.1.3. Chemical Vapor Deposition. Subsequent to the
success of mechanical exfoliation and epitaxial growth
techniques, CVD-based methods have also been introduced
for the production of graphene. A CVD process often involves
exposing the selected substrate to a gaseous precursor for the
purpose of depositing high-purity solid materials, and chemical
reactions are normally involved. In the semiconductor industry,
it is frequently used to produce thin films. CVD-based methods
are widely used in microfabrications to deposit materials in
various forms. The formation of “monolayers of graphite”,
through decomposition of C,H, and C,H, on hot surfaces,
dates back to the 1960s.*"” Almost 40 years later, in 2006, the
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Figure 32. XPS analysis of the effect of different reduction treatments on the GO films. For panels a—d, deconvolution reveals the presence of C—C
(~284.8 eV), C—N (~285.7 eV), C—O (~286.2 eV), and C=0 (~287.8 eV) species in the film. The percentage of deoxidized carbon (C—C,
~284.5 eV) in each film is indicated in the figure. (a) Nonreduced film. (b) Hydrazine-vapor-treated film. (d) Hydrazine vapor plus annealing at 400
°C. (d) Thermal annealing at 1100 °C in vacuum. The significant C—N signal in panels ¢ and d suggests formation of hydrazone groups during the
hydrazine treatment. The F signal at ~292 eV, most evident in panel c, is caused by contamination from the vacuum system. (e) C 1s peak in the
XPS spectra of GO. (f—i) RGO obtained using 15 mM (f), 50 mM (g), and 150 mM (h) NaBH, and (i) graphite. The curves were fitted considering
the following contributions: C=C (sp?, peak 1), C—C (sp?, peak 2), C—O/C—0—C (hydroxyl and epoxy groups, peak 3), C=0 (carbonyl groups,
peak 4), O—C=0 (carboxyl groups, peak $), and 7—z* (peak 6). (j) B 1s peak in the XPS spectrum of RGO obtained using 15 mM NaBH,.
Images a—d reprinted from ref 247. Copyright 2008 American Chemical Society. Images e—j reprinted with permission from ref 327. Copyright 2009

John Wiley and Sons.

first report on the successful synthesis of few-layer graphene
films using CVD was published.’’® A natural hydrocarbon
source, camphor, was thereof used to synthesize graphene
(from camphor pyrolysis) on Ni substrates. Such graphene
films were prone to folding, and the minimum layer number in
the films was 20. This study, however, opened up a new
processing route for graphene synthesis in spite of the fact that
the folding behavior of the film and the overlapping of
graphene layers were yet to be solved.’'”

Recent achievements in graphene growth using CVD have
confirmed the reproducibility of the graphene production on a
relatively large scale and the successful transfer to many other
substrates. It was previously discussed that the decomposition
of hydrocarbons into graphitic materials through CVD methods
can also be well catalyzed on Si and Cu substrates. Some other
metallic substrates used to support the graphene synthesis
through CVD include those made from Pt and Ru.”*"**" After
chemical etching, the metallic substrate is removed from the
graphene film(s), which then can be transferred to another
substrate. Indeed, judicious transfer procedures from the
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metallic substrate demonstrate that it is possible to transfer
large-area (~cm?) graphene films, either single-layer or few-
layer, onto any arbitrary substrate.”** This indicates that CVD
techniques are most promising for the large-scale production of
graphene films. In addition, graphene doping is made possible
by introducing a specific gas, for example, NH;, during the
CVD growth.”” In this case, depending on the doping
configuration within the sublattices, the nitrogen atoms alter
the physicochemical properties, as well as the tolerance to
external stimuli, of the doped gr:aphene.?'24 Furthermore, the
growth temperature can be lowered even further when a plasma
is used to enhance the CVD for the graphene production.
Under these circumstances, the electric field direction caused
by the plasma sheath will result in the vertical growth of
graphene against the substrate surface.’”>**° This creates
another possible approach for the mass production of
freestanding few-layer graphene by means of plasma-enhanced
CVD (PECVD).

6.1.4. Chemical Derivation. In 1958, Hummers and
Offeman’s work on the preparation of graphite oxide was briefly
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Figure 33. Making GNRs from CNTs. (a) A pristine MWCNT is used as the starting raw material. (b) The MWCNT is deposited on a Si substrate
and then coated with a PMMA film. (c) The PMMA—MWCNT film is peeled from the Si substrate, turned over, and exposed to an Ar plasma. (d—
g) Several possible products are generated after etching for different times: GNRs with CNT cores are obtained after etching for a short time ¢, (d);
tri-, bi-, and monolayer GNRs are produced after etching for times t,, t;, and t,, respectively (e—g) (t, > t; > t, > ;). (h) The PMMA is removed to
release the GNR. Reprinted with permission from ref 334. Copyright 2009 Macmillan Publishers Ltd.

reported.”* They introduced a rapid and relatively safe method
compared to its predecessors. The process was completed by
treating the graphite with an anhydrous mixture of sulfuric acid,
sodium nitrate, and potassium permanganate at temperatures
below 45 °C for a couple of hours. Since it did not involve
potassium chlorate, which was replaced by potassium
permanganate, the constant hazard of explosion was avoided.
Recently, with the assistance of X-ray and electron diffraction,
the complete oxidation process has been monitored using the
total disappearance of the 0.34 nm inter-graphene spacing and
the appearance of a new one within the 0.65—0.75 nm range,
depending on the water content of the graphite oxide.””®
Subsequently, few-layer or even single-layer graphene can be
obtained by decomposing the intercalated graphitic sheets
through a thermal expansion process, during which a large
amount of gases, mainly CO,, will be generated in the van der
Waals space. The graphite oxide can be further separated by
using ultrasonic treatment to form individual GO sheets.
Thermal expansion is thus believed to be an essential step for
the successful splitting of graphite oxide into single graphene
sheets.

Phenol, carbonyl, and epoxy moieties are introduced during
the oxidative intercalation, and this accounts for the colloidal
stability of the GO suspension.’'® Therefore, as a single-sheet
platform, GO has the potential for further chemical
derivatization. Its electronic properties are different from
those of the individual semimetallic graphene layers obtained
through mechanical exfoliation. In fact, the structural defects
cause the electronic structure of GO to be semiconductive. To
restore the pertinent properties of graphene, chemical
reduction of the GO is needed. Typical reduction reagents
include hydrazine®*® and sodium borohydrate.”””** The color
of the well-dispersed RGO in water turns from brown to black.
In addition, because of the removal of oxygen atoms, RGO
becomes less hydrophilic. However, currently, the complete
chemical reduction of GO is not realizable, and the resulting
material is only a transitional product between graphene and
GO. XPS studies indicate that, on one hand, chemical reduction
using hydrazine or thermal annealing (up to 1100 °C)
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performed subsequent to the splitting does not regenerate
the exact graphene structures. This is shown in Figure 32a—d.
On the other hand, NaBH, reduction forms residual hydroxyl
functional groups, as shown in Figure 32e—j. As a result, when
the original structure of graphene is essential, chemical
derivation is ruled out and physical exfoliation should be
pursued. Nevertheless, RGO processing is relatively straightfor-
ward, and the reasonable conductivity and transparency make
the RGO thin films a possible component for transparent
conductors in the future.””*

6.1.5. Additional Approaches. Apart from the mechanical
peeling of graphite flakes by means of Scotch tape, treating
graphite dispersions in a proper liquid solution, with ultra-
sonication, constitutes another type of physical exfoliation. It
was first reported by Hernandez et al. that dispersing graphite
into some solvents, such as N-methylpyrrolidone (NMP), led
to exfoliation of graphene sheets.””’ The exfoliation was
ascribed to the strong interaction between graphite and the
amides from the solvent. This is similar to the corresponding
characteristics of single-walled CN'Ts in amide solvents.”*' For
graphite, the surface energy was defined as the energy per unit
area required to overcome the van der Waals forces when
peeling two sheets apart. Since the energy balance is expressed
as the enthalpy of mixing, a minimal energy cost of exfoliation
was expected from solvents the surface energy of which
matches that of graphene. For these solvents, it was proposed
that the energy required to exfoliate graphene would be
balanced by the solvent—graphene interaction, and therefore,
the ultrasound and charge transfer between the amide and the
graphite would allow the exfoliation to take place. Indeed, the
absence of defects or oxides was confirmed by the authors using
X-ray photoelectron, infrared, and Raman spectroscopies, thus
indicating that the solvent-exfoliated C sheets were genuine
graphene. Similarly, crystals of natural graphite were exfoliated
by sonication in dimethylformamide (DMF), resulting in a
suspension of thin graphitic platelets with a large proportion of
single-layer graphene flakes.””* Centrifugation removed any
large thick flakes, leaving the remaining suspensions with
mainly well-dispersed graphene and few-layer graphite flakes. It
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appears that such exfoliation products exhibit features
analogous to those from the chemical exfoliation. However,
because of the absence of the oxidation step, the liquid-phase
(wet) exfoliation does not suffer from the limitation of defects
and degradation of electrical properties. The disadvantage of
the liquid-phase exfoliation is largely the cost of the solvent.
The liquid-phase exfoliation for the production of graphene can
nonetheless be accomplished in water, provided that effective
surfactants, for example, those made of sodium dodecylbenze-
nesulfonate (SDBS), are adsorbed onto the individual single-
layer graphene to stabilize the dispersion against aggregation.”*”
This occurs typically on account of electrostatic (Coulomb)
repulsion between the surfactant-coated graphene flakes. For
the above-mentioned liquid-phase exfoliations, the graphene
suspensions/dispersions need to be deposited with the
assistance of a thermal treatment onto the solid substrates to
obtain dry graphene. These products, however, will be prone to
overlapping of individual flakes or sheets.

Another route adopted to produce functionalized graphene
sheets is related to the thermal expansion of graphite oxide.
This has been previously mentioned in the discussions of
hybrid materials of oxide semiconductors and graphene.”’”*”®
It begins with treating natural graphite flakes in an oxidizing
solution of sulfuric acid, nitric acid, and potassium chlorate,
similar to the Hummers method. On completion of the
reaction, the mixture is added to excess water, washed with
HC], and then repeatedly washed with water until the pH of the
filtrate becomes neutral. The fundamental prerequisites that
enable this preparation of single-layer graphene sheets are
complete oxidation of the graphite and extremely rapid heating
of the graphite oxide. The latter splits the graphite oxide into
individual sheets through evolution of CO,. As the thermal
energy evolved from the decomposition of the hydroxyl and
epoxide groups of graphite oxide heats the sample, it allows for
faster reaction rates and higher internal temperatures. This
ensures sufficient rapid pressure buildup for uniform exfolia-
tion. It has also been demonstrated that unfurling CNTs can
lead to the production of graphene. Jiao et al. utilized an
approach for making graphene nanoribbons (GNRs) by
opening multiwalled carbon nanotubes (MWCNTs) through
the plasma etching of nanotubes partly embedded in a polymer
(PMMA) film. This is shown in Figure 33.”** Mono-, bi-, and
multilayer GNRs and the GNRs with inner CNT cores were
produced depending on the diameter and layer number of the
starting MWCNTs as well as the etching time. A similar
approach for cutting MWCNTs open was performed in a
solution-based oxidative process.”>> During this procedure the
attachment of permanganate to adjacent C atoms made the
nanotubes unravel. It is inevitable that edge scattering due to
the restrained size of the nanotubes and the residual oxidized
defect sites, which are created in the unfurling methods, will
cause inferior electronic characteristics of the graphene
products, compared with those of mechanically cleaved large
sheets of graphene. Nevertheless, since the shell number and
diameter of the starting CNTs can be modulated, this type of
method offers a new way of producing graphene with adjustable
structures. Indeed, there are alternative methods, including the
organization of molecules,**® for obtaining graphene-based
materials. Due to complex procedures as well as low
compatibility, these methods are, however, infrequently used
for the production of graphene-based hybrid materials with
common inorganic semiconductors.
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6.2. Association of Inorganic Semiconductors and
Graphene in Connection with Synthesis Methods

The association of inorganic semiconductors and graphene is
essentially reflected in the way in which they are connected. A
reasonable combination is based on the careful consideration of
many aspects. These include the synthesis methods for both the
graphene and the semiconductors, the particular group of
semiconductors and their corresponding properties, the
structure of the graphene products, and the intended
application of the hybrid material. Achieving a complex
function requires the integration of a number of properties,
in particular, mechanical robustness, electrical conductivity, and
chemical stability. The implementation of high-quality hybrid
materials of inorganic semiconductors and graphene depends
on the synergic delivery of the above-mentioned properties to a
specific objective. For example, it is unwise to use oxidized
graphene for chemically and physically demanding applications,
whereas the value of freestanding graphene produced at much
greater expense will not be fully realized if the hybrid materials
are randomly mixed. Therefore, to construct an effectively
associated heterogeneous structure, the characteristics of the
semiconductor as well as its specific form set a certain
constraint on the pattern of the graphene products. The use of
graphene itself is such as to support any application of the
semiconductors to one or more particular areas.

The single-layer graphene sheets obtained by mechanical
exfoliation possess high mechanical strength and electrical
conductivity, which are essential for extremely harsh and strict
working conditions. This means that the hybrid materials of as-
obtained graphene and Si, which is a typical representative of
the group IV elemental semiconductors, are particularly
attractive. The semiconducting Si normally withstands high
temperatures and electric demands without becoming dysfunc-
tional. This facilitates the use of such hybrid materials for
building high-power integrated circuits. In the semiconductor
industry, pure monocrystalline Si is often employed for the
production of Si wafers used in electronics. In a hybrid system
based on graphene and Si, a wafer of monocrystalline Si serves
as a mechanical support for the graphene. Indeed, to ensure
reliable visibility of the hybrid material, single-layer graphene
made by mechanical exfoliation must be insulated from the
wafer by a thin layer of SiO,. Under certain conditions, this can
be obtained by exposing the element to oxygen. Similar
visibility can be observed for substrates employing the group
III-V compound semiconductors of GaAs and AlAs. This is
possible despite a much lower insulating barrier than that of
SiO,/Si substrates. Arranging a GaAs—AlAs multilayer structure
with a manipulated sequence of AlAs and GaAs layers leads to a
sizable graphene contrast. Since GaAs has a higher electron
mobility than Si, which of course allows GaAs transistors to
function at high frequencies, the influence of GaAs on the
transport properties of graphene delivered through the interface
between GaAs and graphene is more positive. Another group
III—-V compound semiconductor, BN, is expected to be an even
better support for mechanically exfoliated graphene. This is
because h-BN, one of its various crystalline forms, is analogous
to graphite from a structural perspective. It consists of equal
numbers of boron and nitrogen atoms that are sp>-bonded
within 2-dimensional layers. At the atomic scale, the surface of
h-BN is smooth, making it a very reliable substrate that does
not adversely affect the quality of graphene resting on it. The
result, therefore, is a higher mobility of mechanically exfoliated
graphene on h-BN substrates than on SiO,/Si substrates.
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Besides, for those group III-V semiconductors that can be
deposited as a thin film, the purpose of supporting the
graphene is not only to serve as a mechanical support.
Integration of mechanically exfoliated graphene onto the GaN
thin film deposited on a substrate, which is typically made of
either sapphire or SiC, can enhance the performances of GaN.
It also provides more features for the intended range of device
applications. In fact, although wide-band GaN can be grown on
mechanically exfoliated graphene, an intermediate layer or
structure is needed for growth between GaN and graphene,
because of the weak interaction.

In the case of the group II—-VI compound semiconductors
and metal oxides, the structural forms in which they are found
are mostly 0-dimensional and 1-dimensional on the micro- and
nanoscales. Hybrid materials based on mechanically exfoliated
graphene and these semiconductors tend to be arranged as
multidimensionally heterogeneous structures. This in turn may
lead to multifunctionality and unique physical properties. The
band gaps of frequently utilized group II—VI semiconductors
are direct, causing high radioactivity. Because of these wide
band gaps, the prototypical II-VI semiconductors in such
hybrid materials alleviate the negative zero-gap influence
intrinsically associated with mechanically exfoliated graphene.
The nucleation of group II—VI semiconductors on the surface
of stabilized graphene sheets made by mechanical exfoliation is
comparatively active at the step edges. This is similar to the case
of group III-V semiconductor GaN. The high mobility of
graphene prevents fast recombination of electrons and holes
produced out of the radiated II—VI semiconductors that are
grown on the graphene surface. The II-VI semiconductors, on
the other hand, endow more semiconducting characteristics
onto the coupled graphene. This feature is applicable not only
to the hybrid materials based on the group II-VI semi-
conductors and the graphene products made using CVD
techniques, but also to their counterparts involving several
metal oxides. Under UV light, TiO,, the naturally occurring
oxide semiconductor of titanium, particularly in its anatase
form, is a photocatalyst. In the photogenerated catalysis
resulting from the hybrid materials of graphene and TiO,,
electron—hole pairs are created in the photocatalytic TiO,. This
generates free radicals that are able to undergo further reactions
with the graphene. On the nanoscale, TiO, also produces
electricity under the influence of light. For heterogeneous
structures, with TiO, resting on mechanically exfoliated
graphene, the electrons generated from the TiO, are collected
by the graphene, and this enhances the photocurrent. The
photoinduced activity of TiO, is very close to that of some
group II-VI semiconductors, such as ZnO and ZnS. In
addition, their band gaps are roughly in the same range, which
means that TiO, and the relevant group II—VI semiconductors
show great compatibility. This allows them to be combined
together to make hybrid materials with graphene. The role of
the combined oxide semiconductor ITO with respect to the
mechanically exfoliated graphene in such hybrid materials is,
however, as a solid supporting substrate. Since the conducting
ITO substrate shows electrical and constitutional characteristics
different from those of the insulating SiO, layer on the Si, it
subtly prompts distinct evolvement in spectral emissivity of the
exfoliated graphene sheet(s) physically propped on top.

It is obvious that the size of mechanically exfoliated graphene
is limited by the area of mesas from which the graphitic flakes
are obtained. Production of relatively large-scale graphene films
has to be either independent of the size of the sources or
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accomplished using a large substrate. As a result, the graphene
films synthesized via CVD methods with hydrocarbon gases,
such as CH, and C,H, as the C source push the progress
toward practical applications. Under suitable temperature and
pressure, a low concentration of C in the hydrocarbon source,
such as CH,, leads to the growth of single-layer graphene.
Larger hydrocarbon gases with high concentrations of C will
lead to the production of multilayer graphene. Apart from the
metallic substrates, Ni and Cu, whose atomic structures have
high and low solubilities of C,”' respectively, Si constitutes a
typical semiconductor substrate for the CVD growth of
graphene. However, unlike the absorption of C atoms into
the Ni thin film at high temperatures and the subsequent
separation of the graphene layers on fast cooling,*****” or the
catalytic decomposition of CH, by the active Cu surface only
with minimal C diffusion into the Cu film,* the mechanism for
CVD growth of graphene on Si begins with a surface reaction.
Despite its limited thickness, native oxide naturally grown on Si
decomposes at high temperatures, leaving reactive Si atoms
with free dangling bonds on top. The C atoms decomposed
from CH, are secured by the dangling bonds and accumulate to
form graphene. Since Si carbonization, rather than graphene
formation, is found in the temperature range from 1000 to
about 2500 °C, the simultaneous production of individual
graphene and Si phases in an optimized fashion must be
triggered at a fairly high temperature but below 1000 °C.*” It
should nevertheless be noted that although the CVD growth of
graphene on Si makes a reasonable breakthrough without using
any metal catalysts, the fairly high-quality graphene sheets made
from metal-catalyzed CVD are mostly compatible with Si
wafers as well. However, an additional transfer process from
metallic substrates is needed. As pointed out earlier, the
number of graphene layers is hard to control under these
circumstances. This issue is also relevant to epitaxially grown
graphene on SiC. The advantage of hybrid materials based on
epitaxial graphene grown out of SiC is that transferral of the
graphene can be avoided. Hence, SiC is a frequently employed
group IV compound semiconductor. Its endurance under high
temperatures (over 2500 °C) and pressure and its chemical
inertia make SiC useful for bearing high-quality graphene.
Actually, not only does it act as a platform as well as a high-
purity resource for the epitaxial growth of graphene, SiC can
also be integrated with the graphene grown on it as a substrate
into a practical circuit for electronic devices. Long-range
orientation of few-layer graphene is also obtainable by judicious
choice of the growth environment, which corresponds to the
production of few-layer graphene with scalable control. The
electron transport properties of the mechanically exfoliated
graphene can be adequately preserved in the epitaxial graphene.

For the group II-VI semiconductors, CVD graphene makes
up a platform large enough to grow uniform 1-dimensional
nanomaterials. The smooth surface morphology of graphene
resulting from its atomic structure is a facilitator for the
orientation of semiconductor vertical growth. ZnO is the most
investigated II—VI semiconductor for this type of structure
involving 2-dimensional CVD graphene. In such a heteroge-
neous structure, CVD graphene serves as the transparent and
flexible electrode, while the 1-dimensional ZnO nanostructures
yield mechanically flexible electronic components. Those 1-
dimenional ZnO nanostructures with larger specific surface
areas, such as nanotubes and hollow nanowires, can even
improve the optoelectronic performances. The role of graphene
as a growth template/platform is similar for the 1-dimensional
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nanostructure of the oxide semiconductor TiO,, which not only
provides mechanical flexibility but also, in return, imparts
photocatalytic activity to the hybrid materials containing CVD
graphene. The photoinduced properties are typically reflected
in the heterogeneous nanostructures between the 0-dimen-
sional nanostructures of the relevant semiconductors and the
chemically exfoliated graphene. On the contrary, the group III—
V compound semiconductors are apt substrates for CVD
graphene, although the compatibility to grow group II-V
compound semiconductors on CVD graphene is somewhat
limited, as previously discussed. In this regard, the association
of CVD graphene with the III-V semiconductor h-BN, which
can be produced via mechanical exfoliation and CVD, is
particularly interesting and “natural”, because of their analogous
structures. On one hand, the high-purity crystals of h-BN
obtained by mechanical exfoliation are large enough for CVD
graphene to rest on while retaining their high mobility. This
indicates that the choice of the substrate is a key issue for
achieving scalable high-mobility CVD graphene. On the other
hand, since both the graphene and the h-BN layers can be
independently grown using CVD on metallic substrates, by
combining the CVD growth processes for graphene and h-BN,
stacked structures with an adjustable growth sequence of
graphene/h-BN layers are realizable.

The characteristic of chemically exfoliated graphene is the
double-edged quality: relatively simple fabrication together with
inescapable defects. Oxidation of graphite powders, without any
complicated synthesis conditions, leads to good yields of the
final product. The RGO can be stored in a water-based solution
or in the form of powder after drying. This makes it an easier
process to handle stacks of graphene sheets or amorphous
graphene flakes when they act as a matrix for low-dimensional
inorganic semiconductors. For individual Si nanostructures
instead of the more conventional wafer form, the mechanical
strength and additional conductive paths are commonly
needed. In a compact environment where Si nanostructures
of large quantity are intensively stimulated, physically
distributing GO among the Si nanostructures via mixed
dispersions helps to enhance the structural durability and the
conductive activity of the Si. Under such circumstances, neither
the mechanically exfoliated graphene, with superlative mechan-
ical and electrical properties, nor the CVD graphene with a
large area is likely to bring an optimal advantage, because of the
complicated procedures, high costs, and limited productivity
involved. The situation is similar to that for inorganic
semiconductors from other groups where low-dimensional
nanostructures, including ZnO, ZnS, CdS, and TiO,, can be
created in large quantities. The II-VI semiconductors and
oxide semiconductors concerned are accompanied by photo-
catalytic activity, which means the partial reduction of GO
produced from chemical exfoliation can be further advanced.
This is the result of electron transfer to GO from the
photoexcited semiconductors. As the band gaps of those
photocatalytic semiconductors are moderately different, their
sensitivities to absorb light vary in terms of the wavelength
range. In practice, for these inorganic semiconductors, the
photocatalytic activities are mostly limited to the 300—400 nm
UV region. The only exception is CdS, which is active in the
visible light region. A graphene block provides an efficient
channel for charge transportation, which will reduce the
decomposition rate of the photocatalytic semiconductors
caused by continuous irradiation. This feature of such
photocatalytic semiconductors is focused on the reduction of
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GO as well as the generation of photocurrent. Thus, it is
slightly different from that for mechanical graphene. Applying
GO into the hydrothermal reactions that can be used to
produce various nanostructures of these photocatalytic semi-
conductors leads to the simultaneous formation of semi-
conductor nanostructures and the reduction of GO. It prompts
direct interaction between the semiconductors and GO through
electron transfer and consolidates the linkage. In practice, this
results in the extension of the light absorption to the visible
region and the prevention of electron—hole recombination.

The discussions presented above indicate that, in a properly
organized hybrid material, apart from receiving mechanical
support as well as an electron transport channel, the
semiconductors involved for their part may also play various
roles. These include acting as the growth substrate, tuning the
band gap, and providing further deoxidization for the graphene-
related structures. The particular group, the nature as well as
the dimensions, of semiconductor(s) determines to some
extent the form of the presence of the graphene in the hybrid
material and, hence, also the optimal synthesis routes. Taking
all these aspects into consideration, clearly the influences
between the semiconductors and the associated graphene are,
in a way, contradictory, and for the moment not equally
weighed. The subtle interplay thus caused between them affects
the dimensional characteristics and ultimate use of the hybrid
materials. For example, in the case of inorganic semiconductors
with indirect band gaps, such as Si and SiC from group IV, the
minimum-energy state in the conduction band and the
maximum-energy state in the valence band, characterized by
the crystal momentum in reciprocal space, are different. This
means photons cannot be emitted in the indirect band gap
because the electron must pass through an intermediate state
and transfer momentum to the crystal lattice, to comply with
the conservation of crystal momentum. In terms of light
absorption, with the same mechanism, rather it is possible for
light to penetrate into an indirect band gap semiconductor
much farther before being absorbed than into a direct band gap
semiconductor. However, the low band gap of approximately
1.2 eV of Si is in a suitable range where the daylight photons
can be absorbed efficiently.”*® This is despite the fact that the
indirect band gap gives rise to a weak absorption of about one-
third of usable solar photons.”” Thus, the Si cells present in
sufficient thickness (typically in hundreds of micrometers) have
been routinely used in solar cells,’*" since exceedingly thin
devices would let too much of the light simply pass through.
Under such circumstances, a graphene layer deposited on the Si
solar cell would enhance the performance in light trapping and
charge carrier transportation, especially when a junction is
formed. Because solar cells are found to be more efficient in the
form of nanowires than in thin films, transferring CVD
graphene onto parallel Si nanowire arrays is favored. Si thin
films can nonetheless accommodate mechanically exfoliated
graphene layers. On the contrary, the indirect band gap of SiC,
ranging from 2.2 to 3.3 eV, is comparatively large. This is an
essential prerequisite for high-quality heterojunctions incorpo-
rating the high-power, high-temperature capabilities of SiC
together with the advantages of a wide band gap emitter.”®
The epitaxial graphene grown on either the Si-face or C-face of
SiC features stacked layers with 2-dimensional platforms.

The group II-VI semiconductors ZnS, ZnO, and CdS, the
group III-V semiconductors GaN and GaAs, and the oxide
semiconductor TiO, all have direct band gaps. This means that
the momentum of electrons and holes is the same in both the
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Figure 34. Progression of orange/red-emitting QD-LED performance over time in terms of peak EQE and peak brightness. (a) Peak EQE. (b) Peak
brightness. QD-LEDs (a substantial but nonexhaustive selection from the literature) are classified into one of four “types”, as described in the text,
and are compared with selected orange/red-emitting (phosphorescent) OLEDs. Solid lines connect new record values. Reprinted with permission

from ref 349. Copyright 2012 Macmillan Publishers Ltd.

conduction and valence bands for all these semiconductors, and
hence, their electrons can directly emit a photon. Light with a
photon energy level less than the band gap of the semi-
conductor with a direct band gap is not easily absorbed and
hence passes straight through the semiconductor. The photon
from the light with energy greater than the band gap of the
semiconductor transmits its energy to the semiconductor
electron, and this moves it up into the conduction band, leaving
a hole in the valence band. The onset wavelength of the li%ht
absorption corresponds to the value of the band gap.”*”*
That is why the decreasing band gaps of ZnS, ZnO, and CdS,
which are 3.7, 3.2, and 2.4 €V, respectively, lead to a reversely
proportional performance in light absorption from the invisible
UV region to the visible region. The light absorption is well
reflected through low-dimensional nanomaterials, which can be
attached in sufficient quantities with chemically exfoliated
graphene to increase the contact and therefore improve the
efficiency. In the case of TiO,, the higher band gaps lead to
light absorption in the deeper UV region. For the II-V
semiconductors GaAs and GaN, their ultrafast electronic and
optoelectronic performances as well as the visible light
absorption can be successfully enhanced by graphene. One
major difference between GaAs and GaN, when separately
combined with graphene, is that GaN does not grow on
graphene epitaxially due to the weak chemical reaction. In
contrast, for the III-V semiconductor BN, apart from the direct
band gap properties previously mentioned in this review, the
indirect band gap energies have also been reported.'’***>***
This indicates the band gaps of BN are in a wide range of 3—7
eV. The oxide semiconductor ITO likewise shows both direct
and indirect band gap energies. The indirect band energies are
located around 3 eV depending on the carrier concentration,
whereas the direct band energies approach 4 eV.**7** Wide
band gaps bring transparency in the visible part of the spectrum
to these semiconductors, and this enables them to act as
transparent substrates with graphene. These influences
represent, to some extent, the interplay between the graphene
and the inorganic semiconductors combined in the hybrid
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materials. The characteristics of these hybrid materials most
typically studied, including the end function, dimension, and
form, are listed in Table 2.

6.3. Reciprocal Effects and Subtle Development

Ultimately, one compelling question worth delving deeply into
is raised through the discussions in this review. Can the
graphene—semiconductor nanocomposites we have described
truly become a new class of promising functional materials? As
mentioned in previous sections, due to the inherent physical
and chemical properties arising from their structural character-
istics, graphene and its derivatives possess several unique
properties. When it comes down to the micro- and nanoscaled
composites that combine graphene and inorganic semi-
conductors, the electronic, optical, mechanical, and thermal
advantages of graphene take precedence in their uniqueness.
Indeed, from the point of view of the inorganic semiconductors,
the role of graphene in the composites can be considered as
either enhancing the semiconductor performance or increasing
the overall efficiencies of the systems. Although it is predicted
by many that graphene, being a “zero-gap semiconductor”, will
eventually replace some semiconductors, such as Si, there is
much long-term practical development work to be done. Also,
it should not be forgotten that the zero-gap feature of graphene,
which is a result of the identical environment of the two C
atoms in the individual unit of the hexagonal structure,”** puts
a cumbersome limit on realizing its promise as a semi-
conductor. Therefore, at the present stage it could be more
reasonable and practical to combine graphene and inorganic
semiconductors than to actually replace the inorganic semi-
conductors. Their combination will therefore “take advantage
of each component for the other”; relevant examples include
the tuning of the band gap for graphene and the prevention of
the electron—hole pair recombination for semiconductors.
Current research progress in the field does not suggest that, in
the near future at least, any significant difference will be made
that could change the trend in combining graphene and
inorganic semiconductors.
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(a)

Figure 35. (a) An assembled graphene/PET touch panel showing outstanding flexibility. (b) A graphene-based touch-screen panel connected to a
computer with control software. (c) Large-area patterned multiple LED devices and (d) an individual LED. (e, f) LED with tip probes attached (e)
before applying the input current and (f) after applying an input current of 100 yA. Images a and b reprinted with permission from ref 293.
Copyright 2010 Macmillan Publishers Ltd. Images c—f reprinted with permission from ref 224. Copyright 2010 IOP Publishing. Images g—j
reprinted with permission from ref 219. Copyright 2010 American Association for the Advancement of Science.

One emphasis of this review is that the graphene—inorganic
semiconductor nanocomposites are supposed to be a good
match. On one hand, it has been over 10 years since single-layer
graphene became accessible. It is extremely encouraging to see
the steady gain in advances in the knowledge of graphene. In
addition, a greater range of approaches are being developed to
precisely tailor the electronic properties of the C-based
substance.”””*' On the other hand, the size-dependent
properties, such as high adsorption and catalytic activity due
to the large surface area to volume ratio and quantum
confinement, are the main features of the inorganic semi-
conductors that distinguish their nanomaterials from the
corresponding bulk materials. The latter normally have
constant physical properties regardless of their size. However,
the semiconductor nanomaterials have been going through
intense investigation with a view to extending their practical
applications. For example, it has taken nearly two decades to
reach the point where quantum dots can be effectively involved
in producing display devices.”*”*>*7*** Figure 34 summarizes
the progress for the case of orange/red-emitting (almost always
CdSe-based) QD-LEDs (quantum dot light-emitting devices)
with respect to two criteria: peak external quantum efficiency
(EQE) (Figure 34a) and peak brightness (Figure 34b).”*’ For
solid-state lighting sources and displays, the EQE is the key
metric, directly proportional to the power conversion efficiency,
and the brightness values are typically in the range of 10°—10°
cd m™% The QD-LEDs presented in Figure 34 are classified
into four architectural types: QD-LEDs with polymer charge
transport layers (type I), QD-LEDs with organic small-
molecule charge transport layers (type II), QD-LEDs with
inorganic charge transport layers (type I1I), and QD-LEDs with
hybrid organic—inorganic charge transport layers (type IV). It
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is shown that, despite the unbalanced development, these four
types of devices have evolved chronologically. What is further
noticeable is that, for properly adjusted hybrid materials, the
increase in both EQE and brightness is steady, with values
approaching those of phosphorescent organic LEDs (OLEDs).

The progress for the graphene—inorganic semiconductor
nanocomposites has not yet reached that for the nano-
composites based on quantum dots. This is understandable
since really graphene development is only in its 11th year.
However, it has been clearly demonstrated that the
involvement of graphene-based materials enhances the
conductivity of quantum dot films, and thus improves the
charge collection and transport.’****° The graphene produced
on large flexible substrates can be transferred onto foreign
substrates (e.g., poly(ethylene terephthalate) (PET) substrates)
and then used to fabricate transparent electrodes for touch-
screen panel devices, as illustrated in parts a and b of Figure
35.”” This clearly shows the potential of graphene to replace
conventional transparent electrodes. Also, as mentioned in
earlier sections, graphene materials based on inorganic
semiconductors (e.g, GaN) can be used as transparent
electrodes for LEDs.”** Parts ¢ and d of Figure 35 present
the optical micrographs of fabricated GaN LEDs (on a
centimetric scale). They show multiple devices with patterned
multilayer graphene (MLG) electrodes as well as an individual
device, respectively. In Figure 35e,f is shown an MLG electrode
LED before and after the application of an input current,
respectively. Blue light emission is clearly visible, even at a low
input current of 100 uA. The MLG electrode GaN LEDs are
seen to show light output performance comparable to that of
conventional GaN LEDs with ITO. They have the added
advantages of preserving better transparency and robustness.
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Also, the relatively weak bonds between the interlayers of the
graphene allow the transfer of thin films grown on graphene
substrates onto foreign substrates. From an example demon-
strated earlier in this review (in section 4.3), it is noticed that
high-quality GaN films grown on substrates composed of
graphene layers can be transferred to substrates such as metal,
glass, and plastic.”'” The use of layered graphene substrates, for
one thing, avoids the use of more conventional sapphire
substrates for nitride film growth. These sapphire substrates
require sophisticated techniques to be separated from the GaN
because of the strong bonding between GaN and sap-
phire.*”*** Most importantly, the transferred devices can
emit strong, yet fairly uniform blue light visible to the naked eye
under normal room illumination. This is shown in the optical
microscopy images in parts g—j of Figure 35. The high emission
performance is attributed to the uniform current spreading and
injection caused by the graphene electrodes, which were
preserved from the layered graphene substrates during the
transfer. On the other hand, the new substrates coupled with
the graphene electrodes after the transfer allow inorganic LEDs
to be fabricated in diverse rigid or flexible forms.

Therefore, further engineering of the graphene electrodes to
increase the conductivity as well as tuning of the work function
to improve the interface matching may even enhance the
performance of LEDs based on graphene electrodes and
inorganic semiconductors. It is expected that such graphene
film improvements will be beneficial for future applications as
transparent electrodes in optoelectronic devices. Indeed, the
properties of graphene discussed throughout this review all
indicate that replacement of traditional electrodes made of
noble metals, such as Pt,**”**° with those made of inexpensive
graphene is likely. This is supported by the fact that the
structure and morphology of graphene are mechanically
advantageous over those of another recently developed
competitor for such electrodes, namely, carbon nanotubes
(CNTs). As mentioned previously in this review, the CNTs are
also an allotroge of carbon. CNTs and graphene are similar in
many aspects.”®’ The work functions of CNT and graphene
nanosheets are closely related (4.5—4.8 €V), and both materials
react to the surrounding environment similarly because of the
basic structure and nature of the honeycomb C lattice.
However, the 1-dimensional tubular structure of CNTs
presents one major difference between CNTs and graphene,
and hence between the ways these two allotropes of C are
integrated with inorganic semiconductors. When it is a question
of thin film electrodes, CNTs are generally organized through
interweaving, while graphene sheets are formed by stacking.
The morphology, roughness, and properties of the thin films
are therefore different between CNTs and graphene. In fact,
their 2-dimensional structure makes the graphene thin films
more reliable in transparency and smoothness than CNTs. This
is especially true for some optoelectronic devices, such as LEDs,
where surface smoothness is very important. The conductivity
of well-made graphene films, typically including those made
from CVD graphene, is most likely higher than that of the CNT
films. This is due to the sensitive contact resistances between
the CNTs, which in turn dominate the electrical trans-
port.362’363 However, the conductivity of thin films made
from graphene oxide (GO) is lower than that of well-aligned
CNTs due to the presence of oxygen-related defects. This is
despite the advantage of two-dimensional contacts between the
graphene sheets over the intermittent point contacts found in
the CNTs.
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So far, although it might be somewhat presumptuous to
declare that graphene itself will certainly turn out to be the
promising material of the future, investigations to date strongly
suggest that graphene is not only compatible with so many
other materials, especially inorganic semiconductors, but also
helpful in boosting their performances. In practice, it is the size
of graphene which intrinsically determines that it can only exert
its full functional capacity with nanomaterials. Compared with
the conventional bulk materials, nanomaterials have the
advantage of fast device turn-on times and extremely small-
scale compactness. This is reflected in the performance
enhancement, prompted by the graphene features, of nanoscale
inorganic semiconductors for macroscale structures or devices,
as discussed in previous sections. Thus, it can be safely stated
that nanoscale phenomena eventually act on the macroscale
teatures. Indeed, for practical applications, the nanocomposites
consisting of graphene and inorganic semiconductors are likely
to frame a bridge between bulk materials and atomic or
molecular structures.

Indeed, it is well recognized that graphene can fulfill multiple
functions in a wide range of devices, which include transparent
conductor windows, photoactive layers, and channels for charge
transport.” Apart from the above-mentioned display devices,
the nanocomposites of inorganic semiconductors and graphene
also show encouraging signs of future success in optoelec-
tronics. As previously noted, graphene can be incorporated into
nanostructured inorganic semiconductors to enhance the
charge transport rate, thus preventing recombination and
improving the internal photocurrent efficiency. One further
example is shown in Yang et al’s work where the authors
incorporated 2D graphene into nanostructured TiO, photo-
anodes to form graphene bridges in dye-sensitized solar cells.***
It was demonstrated, from their investigation of electronic and
ionic transport processes using electrochemical impedance
spectra (EIS), that faster electron transport and lower
recombination can be achieved in the graphene-incorporated
solar cells. This ultimately led to a photoelectrical conversion
efficiency of up to 7%, which is about 39% higher than that of
conventional nanocrystalline TiO, photoanodes under the
same experimental conditions. Consequently, it seems fairly
reasonable to assume that photodetectors based on graphene
and group IV or group III-V inorganic semiconductors can
deal with the charge recombination much better than those
based on inorganic semiconductors alone. Since graphene
absorbs a significant fraction of the incident light, from the
ultraviolet to terahertz range, due to its electronic struc-
ture,*>*%® it is even possible to tackle the wavelength limits of
absorption for inorganic semiconductors combined with
graphene. However, one should bear in mind that the effective
functional area of graphene also plays an important role in the
charge separation. It has been observed that an internal field
can be formed near the electrode—graphene interfaces.*®” Such
phenomena are associated with the random electron—hole
puddles arising from the impurity centers that are inclined to be
charged.***™*"! In a fairly small region (e.g.,, 200 nm) of current
generation, the charge carriers can travel out of the internal
field promptly.””> Hence, most of the electron—hole pairs
generated would be outside of the electric field. As a result,
charge carrier recombination rather than separation would
occur.'” On this occasion, it is possible that the small effective
area of a single layer of graphene can decrease the detection
efficiency because the internal field causes the generated charge
carriers to have a short lifetime.
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This, however, raises a further question that is related to the
number of graphene layers, when graphene is combined in
practice with inorganic semiconductors. From the discussions
throughout this review, it is well understood that single-layer
graphene is a crystalline allotrope of C with 2-dimensional
properties of a periodic array of C atoms. Multilayer graphene,
on the other hand, has properties more similar to those of bulk
graphite. The cohesion of graphene stacks results from the van
der Waals forces, which account for the change in electronic
properties of the individual layers.”’*"*"° However, a high
density of rotational faults where adjacent sheets are rotated
relative to each other, as observed for multilayer graphene
grown on the C-terminated face of 4H-SiC, may lead to
decoupling of the adjacent graphene sheets so that their band
structure becomes nearly identical to that of isolated
graphene.””” Figure 36 shows the ab initio (first principle)

p

Figure 36. Calculated band structure for three forms of graphene: (i)
isolated graphene sheet (dots), (ii) AB (Bernal) stacked graphene
bilayer (dashed line), and (iii) R30/R2" fault pair (solid line). The
inset shows details of the band structure at the K-point. Reprinted with
permission from ref 373. Copyright 2008 American Physical Society.

density functional theory calculations comparing the band
structures for an isolated graphene sheet, a graphene bilayer
with AB (Bernal) stacking, which refers to the structure that
half of the atoms in one layer are positioned exactly on top of
half of the atoms of the other layer,””” and a bilayer rotational
fault pair. The rotational fault density for the calculation is
based on the surface X-ray diffraction (SXRD) and scanning
tunneling microscopy (STM) measurements of the C-face films
with adjacent layers rotated 30° (R30) and 2.20° (R2%),
respectively. Because the Dirac dispersion at the K-point
(reciprocal space point) is preserved, the electronic properties
of an isolated graphene sheet can thus be maintained.””
Nonetheless, by virtue of the altered carrier concentrations, the
electronic properties of graphene itself, either single-layered or
multilayered, deviate from those of graphite.378 On one hand,
single-layer graphene is generally superior in terms of electronic
properties and thermal conductivity compared with multilayer
graphene. On the other hand, multilayer graphene comes about
with less sophisticated processing steps. This characteristic is
also similarly applicable to graphene oxide. It has been noticed
that multilayer graphene and graphene oxide can improve the
performances of many inor%anic semiconductors, particularly in
the field of battery research®>* and charge separation.''*'**!3
However, it should be noted that they do not have the
advantage of building structural subtleties on the micro- and
nanoscales. Therefore, it is inferred that well-ordered single-
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layer graphene should be used in sensitive applications in which
precise alignment of structures is of primary concern, such as in
Schottky contacts'””*** and analogue circuits.”” Multilayer
graphene and graphene oxide possess adequate function for
making hybrid materials with fewer demands for ordering of the
structures. In practice, to date it still remains a challenge to
avoid structural disorder and retain the functionality con-
currently through a fairly simple manufacturing process when
graphene-related materials are prepared. Nevertheless, as
hopefully established in this review, recent progress has
demonstrated the feasibility of successfully making graphene—
inorganic semiconductor heterostructures. Also, since graphene
has evolved into a versatile platform for the investigation of
various phenomena,”’* the shift in focus from studying
graphene itself to its use in applications is expected to trigger
even more breakthroughs, although possibly not as rapidly as
the demands of the relevant industries would like.

7. CONCLUSIONS AND OUTLOOK

Several topics have been discussed in this paper with the view
to demonstrating the significant effects of the heterogeneous
structures of inorganic semiconductors and graphene with
various dimensions. Most of these effects were not even
anticipated a decade ago. The effort put into the area is being
disseminated across an increasing number of laboratories
around the world. It involves many aspects of research,
including optoelectronics, physical chemistry, and nano-
technologies, among others. Modern techniques in microscopic
and electronic measurements allow us to carry out very
sophisticated experiments on atomically thin graphene sheets
and ultrasmall semiconductor structures. Meanwhile, progress
in this area strongly depends on the chemical constitution and
physical organization of the heterogeneous structures. It is true
that the topic of this review is directly based on the discovery
and development of graphene, which has prompted new
phenomena and characteristics related to inorganic semi-
conductors. It is also true that the effect of the inorganic
semiconductors on the end function and form of graphene in
the heterogeneous structures is not negligible. General
discussions presented here regarding the hybrid materials
based on inorganic semiconductors and graphene, on one hand,
concern the synthesis, properties, and applications. The specific
categories, on the other hand, represent the collective
characteristics pertaining to a particular group as well as the
unique characteristics associated with the relevant inorganic
semiconductors and the graphene together. The way the
heterogeneous structures are organized can be relatively
straightforward or involve a number of different techniques.
This is dependent on the nature of the inorganic semi-
conductors, the form of the graphene, and the desired end
functions.

As supported by the many studies discussed in this review,
much notable work has been performed in this field to integrate
graphene into electronic devices based on inorganic semi-
conductors. In summary, although it seems unlikely that
commercially applicable graphene-based memory chips and
microprocessors will be routinely available in the next decade,
great progress is being made. It is expected that graphene, with
extremely high charge-carrier mobility, will improve device
performance and increase the range of potential functions.
However, as pointed out, complex integration of graphene into
the inorganic semiconductor-based devices is still challenging.
Examples discussed in this paper indicate that delicate control
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over the fabrication or growth of graphene for the intended
application is essential. If commercial production is to succeed,
then relevant processes will need to be more explicit,
reproducible, and compatible with the materials involved in
industry. Clearly, the fabricated systems will also need to be
stable during their performance lifetimes. This requires
significant improvement over current levels. Nevertheless,
where graphene and representative inorganic semiconductors
are concerned, it is believed that, as shown in this review, an
even broader range of areas for future applications is being

steadily developed.
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PEDOT-PSS poly(styrenesulfonate)-doped poly(3,4-
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PET poly(ethylene terephthalate)

PL photoluminescence

PMMA poly(methyl methacrylate)

PPD p-phenylenediamine

PSL pillar superlattice

QD quantum dot

QF quantum flake

RF radio frequency

RGO reduced graphene oxide
RHEED reflection high-energy electron diffraction
SDBS sodium dodecylbenzenesulfonate
SDS sodium dodecyl sulfate

SEM scanning electron microscopy
SOI silicon-on-insulator

STM scanning tunneling microscopy
SXRD surface X-ray diffraction
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TEM transmission electron microscopy
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