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Graphene-Based Nanomaterials: Synthesis, Properties, 
and Optical and Optoelectronic Applications
 Graphene, a two-dimensional, single-atom-thick carbon crystal arranged in 
a honeycomb lattice, shows extraordinary electronic, mechanical, thermal, 
optical, and optoelectronic properties, and has great potential in next-gener-
ation electronics, optics, and optoelectronics. Graphene and graphene-based 
nanomaterials have witnessed a very fast development of both fundamental 
and practical aspects in optics and optoelectronics since 2008. In this Feature 
Article, the synthesis techniques and main electronic and optical properties 
of graphene-based nanomaterials are introduced with a comprehensive view. 
Recent progress of graphene-based nanomaterials in optical and optoelec-
tronic applications is then reviewed, including transparent conductive elec-
trodes, photodetectors and phototransistors, photovoltaics and light emitting 
devices, saturable absorbers for ultrafast lasers, and biological and photo-
catalytic applications. In the fi nal section, perspectives are given and future 
challenges in optical and optoelectronic applications of graphene-based nano-
materials are addressed. 
  1. Introduction 

 Graphene, a two-dimensional, single-atom-thick carbon crystal 
arranged in honeycomb lattices, has attracted enormous atten-
tion since its fi rst discovery by isolation from bulk graphite 
using adhesive tape. [  1–6  ]  Graphene has demonstrated extraordi-
nary electronic, mechanical, thermal, optical and optoelectronic 
properties such as ultrahigh carrier mobility, thermal conduc-
tivity, and mechanical strength. [  3–9  ]  Inspired by another carbon 
allotrope, carbon nanotube (CNT), research on graphene has 
expanded explosively in electronic, mechanical, biology, and 
energy directions, and has shown great potential in high fre-
quency transistors, mechanical resonator, transparent conduc-
tors, spintronics, sensors, and drug delivery. [  10–23  ]  

 Both fundamental research and practical applications of 
graphene are pursued with great interest in almost all the 
above-mentioned areas. [  3–6  ]  Electrons in two-dimensional 
atomic crystals of graphene behave as massless, relativistic 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhei
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Dirac fermions with linear energy disper-
sion, and exhibit some unique electronic 
properties. [  4  ]  Graphene has shown various 
transport properties such as pseudospin, 
chirality and anomalous quantum Hall 
effect. [  1–4  ]  Although graphene is a zero 
gap semimetal, for a large graphene sheet, 
graphene-based nanomaterials can act 
as a semiconductor with a bandgap for 
a narrow nanoribbon, bilayer graphene 
in electrical fi eld, and graphene under 
substrate interactions or with different 
defects. [  24–29  ]  Chemically derived colloidal 
graphene quantum dots (QDs) have also 
been developed. [  30  ,  31  ]  Graphene-based 
nanomaterials now consist of many deriv-
atives of various dimensions, from zero, 
one, two dimensions, and are explored 
with increasingly growing standing points. 
It is no surprise that graphene can be con-
sidered as the mother of several carbon 
materials including C 60 , CNTs, and graphite ( Figure    1  ).  
 One signifi cant challenge that has limited the exploration 

of graphene in the long run is how to produce high quality 
graphene on a large scale. Mechanical exfoliation can draw 
high quality graphene from graphite, but the process is tedious 
and the quantity of obtained graphene is tiny. [  1  ]  Therefore, 
m Adv. Funct. Mater. 2013, 23, 1984–1997

emonstration of graphene as mother of different 
 materials. Reproduced with permission. [  4  ]  Copy-
lishing Group.  
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this method is usually confi ned to fundamental studies in 
physics. Another method is epitaxial growth of graphene from 
the decomposition of a SiC surface. [  32  ]  This method produce a 
large area of supported graphene with acceptable quality, and is 
widely used both in fundamental and practical researches. Many 
alternative methods have been developed to produce graphene. 
For example, chemical vapor deposition (CVD) can produce 
large area single-layer or few-layer graphene with reasonable 
quality. [  33  ,  34  ]  Chemically derived graphene, such as reduced 
graphene oxide, a graphene derivative with oxygen groups on 
the carbon bone scaffold of graphene, is also a rising star in 
the graphene family because such a kind of graphene can be 
produced on a mass scale up to tons. [  35–39  ]  The disadvantage 
of this method is the large amount of defects induced during 
the oxidization process in producing graphene oxide, and the 
resulting low mobility and conductivity in chemically reduced 
graphene oxide. However, such defects are advantageous in cer-
tain practical applications, such as sensors, functionalization, 
and for electronic property tuning. [  36  ]  

 With the advance of graphene fabrication techniques and 
knowledge in electronics, there has been an increasing interest 
in applications of graphene in optical and optoelectronic fi elds 
since 2008. [  40–48  ]  For example, graphene is a promising trans-
parent conductive electrode (TCE) to replace indium tin oxide 
(ITO), which is brittle, expensive, and is based on the rare ele-
ment indium. Prototype 30-inch transparent graphene electrodes 
has been developed and used in touch screens. [  13  ]  Graphene also 
fi nds great potential in high frequency photodetectors, photo-
voltaics, and biosensors. [  41  ,  42  ]  Although some achievements have 
been made in graphene optics and optoelectronics, there are still 
many challenges for graphene in high performance and large 
scale optical and optoelectronic applications. 

 Therefore, in this Feature Article, we will review recent 
progress in the development of graphene-based nanomaterials 
for optical and optoelectronic applications, including trans-
parent conductive electrodes, photodetectors and phototran-
sistors, photovoltaics and light emitting devices, saturable 
absorbers for ultrafast lasers, and biological and just emerging 
photocatalytic applications ( Figure    2  ). The dynamic combina-
tion of unique structure and electronic/optical properties of 
graphene makes it a wonderful platform for optical and opto-
electronic applications. Therefore, to maintain a holistic view, 
the electronic and optical properties of graphene, together with 
the synthesis techniques are introduced before the sections of 
optical and optoelectronic applications. Finally, the challenges 
and the prospects of using graphene in optical and optoelec-
tronic applications are discussed.  

   2. Synthesis of Graphene-Based Nanomaterials 

  2.1. Mechanical Exfoliation from Graphite 

 Mechanical exfoliation is the method by which the fi rst high 
quality graphene was exfoliated using scotch tape from bulk 
graphite ( Figure    3  A). [  1  ]  It is a primitive and low effi ciency 
method but retains the completeness of original two-dimen-
sional atomic lattices of graphene. This method involves 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 1984–1997
repeatedly exfoliating graphite with scotch tape against SiO 2 /
Si substrates. With the unique color contrast, [  1  ]  though time 
consuming and low yielding, single- or few-layer graphene with 
very high quality can be identifi ed with reasonable differen-
tiation. The completeness of mechanically exfoliated graphene 
makes ultrahigh mobility and many interesting electronic prop-
erties easily observed. [  1–4  ]  The successful mechanical exfoliation 
of the fi rst high quality graphene from graphite inspired huge 
interest in graphene-based nanomaterials and other two-dimen-
sional atomic crystals. [  49  ]   

   2.2. Epitaxial Growth from Thermal Deposition of SiC 

 Epitaxial growth from thermal deposition of SiC is another 
method frequently used to study the physics of graphene due to 
the relative high quality of graphene. [  32  ,  50  ]  The epitaxial deposition 
growth of graphene from SiC happens on the Si terminated (0001) 
face of single-crystal 6H-SiC in high vacuum condition under 
controlled temperatures over 1000  ° C (Figure  3 B). [  50  ]  Mono layer 
and few layer graphene can be obtained on SiC substrate. The 
vacuum and temperature control are most important parameters 
in the growth. The advantage of this method is that the graphene 
is on insulating surfaces and therefore various kinds of devices 
1985wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  2 .     Graphene-based nanomaterials in optical and optoelectronic applications. The dynamic combination of unique structure and electronic/optical 
properties of graphene have encouraged many new optical and optoelectronic possibilities. Reproduced or adapted with permission. [  4  ,  13  ,  21  ,  47  ,  97  ,  107,133  ]  

Copyright 2007, Nature publishing group (A); copyright 2010, Nature Publishing Group (B); copyright 2010, American Chemical Society (C and D); 
copyright 2008, American Chemical Society (E); copyright 2012, American Chemical Society (G).  
can be directly fabricated on SiC substrates. Large area, uniform 
graphene fi lms can be epitaxial grown depending on the substrate 
size. However, the disadvantage is that graphene on SiC sub-
strates is very diffi cult to transferred to other substrates, unlike 
CVD-grown graphene on metal. The carrier mobility of epitaxial 
graphene on SiC usually can reach around 2700 cm 2  v  − 1  s  − 1 . [  32  ]  

   2.3. Chemical Vapor Deposition 

 Chemical vapor deposition is one of most important advances in 
large scale graphene growth technique. Metal (e.g., Ni, Cu) can 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag 

     Figure  3 .     Synthesis methods for graphene-based nanomaterials. A) Me
from graphite by tape against SiO 2 /Si substrate. B) High vacuum decomp
terraces on SiC wafer. C) Chemical vapor decomposition of gas or solid
copper. D) Reduced graphene oxide by exfoliating graphite oxide followi
or thermal reduction. E) Bottom-up synthesis of graphene from organic m
zene rings. Reproduced with permission. [  3  ,  50  ,  57  ]  Copyright 2009, American
Advancement of Science (A); copyright 2009, Nature Publishing Group (
Nature Publishing Group (E).  
catalyze the deposition of carbon sources (gas CH 4  or methanol, 
or solid poly(methyl methacrylate)) on the metal surfaces to form 
large area, uniform, high quality graphene (Figure  3 C). [  33  ,  34  ,  51  ]  
The process usually happens at high temperatures around 
1000  ° C followed by a transfer process for removal of metal by an 
etching agent. Nickel and copper are mostly used metal in CVD 
growth of graphene. Nickel-based CVD graphene growth is devel-
oped earlier, but copper can have larger grains than nickel after 
annealing and favors larger domain growth in graphene. [  33  ]  CVD 
growth of graphene on copper was even used to produce 30-inch 
graphene transparent electrodes for touch screens. Moreover, 
CVD-grown graphene on metal can be transferred to any sub-
GmbH & Co. KGaA, Wei
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strate, in principle, which makes it very attrac-
tive for many applications. Some direct CVD 
growth methods on insulating surface without 
transfer have been also developed recently. [  52  ]  

   2.4. Solution-Based Exfoliation from Graphite 
Oxide and Graphite 

 Another frequently used method to synthe-
size graphene is solution-based exfoliation of 
graphite oxide. [  53  ]  Graphite oxide is obtained 
from oxidization of graphite by chemicals 
(usually strong acids in Hummer’s method) 
to expand the layer spacing and weaken the 
interactions between layers. [  53  ]  Graphite 
oxide can be easily exfoliated to be single 
layer graphene oxide-graphene scaffold with 
functional oxygenous groups-by ultrasonica-
tion or even mechanical stirring (Figure  3 D). 
Graphene oxide, one of the most important 
graphene derivatives, is then chemically or 
thermally reduced to restore the conjugation 
nheim Adv. Funct. Mater. 2013, 23, 1984–1997
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     Figure  4 .     Electronic and optical properties of graphene. A) Linear energy 
dispersion of massless Dirac fermions in graphene. B) Constant optical 
absorption in broad range defi ned by the graphene’s atomic structures. 
Reproduced with permission. [  40  ]  Copyright 2008, American Association 
for the Advancement of Science (B).  
www.MaterialsViews.com

structures of graphene and is called reduced graphene oxide 
or chemically reduced graphene. [  14  ,  15  ,  28  ,  53  ]  Such chemically 
derived graphene is available by the ton, and easily functional-
ized because of the oxygenous groups on surfaces. [  54  ]  A sim-
ilar method is applied to CNTs instead of graphite, resulting 
in graphene nanoribbons. [  25  ]  However, this solution-based 
exfoliation of graphite oxide is limited by the large scale res-
idue defects and low quality of graphene after reduction. The 
conductivity and charge carrier mobility is relatively low com-
pared with mechanically exfoliated graphene and CVD-grown 
graphene. Therefore, some other solution-based methods are 
developed to exfoliate graphite or intercalated graphite com-
pounds without oxidization. [  55  ,  56  ]  High quality graphene with 
few defects or even no defects can be obtained but with a much 
lower production effi ciency than exfoliating graphite oxide. 

   2.5. Bottom-Up Organic Synthesis Methods 

 The bottom-up method is another way to synthesize 
graphene. [  37  ,  57–59  ]  Graphene can be obtained from the conju-
gation of large benzene ring molecules by organic reactions 
(Figure  3 E). Graphene nanoribbons with controlled edges with 
atomic precision has been reported by this kind of bottom-up 
organic synthesis. [  57  ]  The main shortcoming of this method 
is the tedious organic processing of reactions and lack of the 
capability to produce large-scale graphene materials for prac-
tical use. In another bottom-up method, graphene on a gram-
scale can be synthesized from common agents such as ethanol 
and sodium through solvothermal reactions following by rapid 
pyrolysis and sonication. [  58  ]  Bottom-up synthesis can also obtain 
highly nitrogen doped graphene by careful design from the 
beginning of the synthesis. [  59  ]  

    3. Electronic and Optical Properties of 
Graphene-Based Nanomaterials 

  3.1. Electronic Properties 

 Graphene has unique electronic properties which come from the 
two-dimensional, single-atom-thick, honeycomb lattices. [  3  ,  4  ,  60–62  ]  
Graphene has a two-carbon-atom unit cell, resulting in an elec-
tronic structure with a point where the two bands touch, so-
called Dirac point. More importantly, the energy dispersion 
shows a linear relation close to the Dirac point, where the 
electrons resemble massless Dirac fermions but with a speed 
of 1/300 light speed ( c /300) ( Figure    4  A). Therefore, the charge 
carriers in graphene are relativistic particles rather than normal 
charge carriers in semiconductors or metals. Many peculiar 
properties can be derived from this unique electronic structure, 
for example, the high charge carrier mobility, ambipolar fi eld 
effect, anomalous quantum hall effect, ballistic transport, chi-
rality, Klein paradox, and weak antilocation. [  60–62  ]   

 In principle, graphene has very a high charge mobility due 
to its electronic structure. However, over a long period, the 
mobility of graphene is largely limited to 2000–15000 cm 2  v  − 1  
s  − 1  by microscopic ripples, scattering, and defects. [  1–4  ]  Recently, 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 1984–1997
it was demonstrated that suspended graphene with a clean 
surface had a carrier mobility up to 200 000 cm 2  v  − 1  s  − 1 . [  7  ]  Sus-
pending graphene can help to reduce the scattering by substrate 
and thus makes the observation of ultrahigh carrier mobility 
and ballistic transport possible. The ultrahigh carrier mobility 
of graphene will enable new arrangements for ultrafast elec-
tronics and optoelectronics. For example, wafer-scale 100 GHz 
transistors have been achieved by using epitaxial graphene on 
SiC on a large scale. [  10  ]  The high frequency performance of 
1987wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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 graphene transistors can be further improved to 200 GHz by 

using a self-aligned nanowire gate. [  63  ]  
 Another electronic property of graphene is its ambipolar fi eld 

effect transport. [  3  ,  4  ,  61  ]  The fi eld effect in graphene which may 
be used in transistors has initiated the explosion of graphene 
applications in electronics. [  1  ]  Graphene can be well modulated 
to transport by either holes or electrons by fi eld effect. Unfor-
tunately, graphene is a zero gap semimetal, and the on-off 
ratios of graphene based fi eld effect transistors are very low 
(less than 10 usually) comparing with other semiconductors. 
Therefore, many efforts have been done to open a bandgap 
in graphene by narrowing two-dimensional graphene to one 
dimensional nanoribbon, forming nanomesh, and hydrogen 
patterning. [  24  ,  25  ,  64  ,  65  ]  The best performance of a graphene tran-
sistor has demonstrated an on-off ratio of over 10 4  in very 
narrow nanoribbons. [  66  ]  

 Graphene also shows pseudo spin, chirality, and an anoma-
lous quantum Hall effect, which are the direct result of the elec-
tronic structure and energy dispersion of graphene. [  3  ,  4  ,  60–62  ]  The 
chirality of graphene comes from the two carbon atoms per unit 
cell. The relative nature of Dirac fermions makes the charges in 
graphene penetrate barriers in a totally different way compared 
with the carriers in other materials, which is called the Klein 
paradox. Moreover, the quantum Hall effect can be observed 
even at room temperature due to the high charge mobility. [  67  ]  
A weak antilocation is also found in graphene where construc-
tive quantum interference of charge carriers is restored when 
an outer magnetic fi eld is applied. Since this article focuses on 
the practical applications of graphene, readers can refer to sev-
eral excellent reviews on its electronic properties with a more 
fundamental discussion of chirality, Klein paradox, anomalous 
quantum hall effect, and weak antilocation. [  4  ,  60–62  ]  

   3.2. Optical Properties 

 Similar to the electronic properties, the optical properties are 
also strongly related with the two-dimensional, single-atom-
thick, honeycomb carbon lattice. The optical transparency of 
graphene is well defi ned by its fi ne structure constant,  α = e2

�c    
where  e  is the electron charge,  �    is the Dirac constant and  c  is 
the speed of light. [  40  ]  Graphene has an absorption of   π  α   (2.3%) 
in principle for white light due to its unique electronic struc-
ture, and 2–3% light absorption over a very wide range (from 
ultraviolet to infrared) has been observed in experimental 
studies (Figure  4 B). [  40  ]  This absorption value is intriguing con-
sidering the single-atom carbon layer in graphene. The refl ect-
ance is also very low with about 0.1% for a single layer and 2% 
for 10 layers. [  62  ]  Moreover, monolayer and bilayer graphene had 
demonstrated a strong, layer-dependent interband optical tran-
sition which was well tunable by an electrical gate. [  72  ]  Mono-
layer and bilayer graphene showed distinctly different infrared 
optical responses. The normalized change of IR refl ectivity 
was featureless in the monolayer while there was a clear peak 
at around 350 meV in the bilayer. [  72  ]  These optical properties 
are more interesting when coupled with ballistic transport and 
high charge carrier mobility. [  7  ]  

 In addition, graphene is also found to have unique lumi-
nescent and photoluminescence quenching properties, which 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
www.MaterialsViews.com

are very useful for biological applications. [  20–22  ,  68–71  ]  Graphene 
oxide sheets were found to be photoluminescent in both the 
visible and infrared regions. [  22  ]  Ultrafast photoluminescence 
was observed in graphene with a broad energy range of pho-
tons from 1.7–3.5 eV while excited with a 30-fs ultrashort 
laser pulse. [  73  ]  Graphene has also been demonstrated to have 
high fl uorescence quenching capability for various dyes and 
quantum dots due to energy or electron transfer. [  21  ,  74  ]  The 
unique quenching capability comes from the energy transfer 
from the dyes to graphene. Except photoluminescence, elec-
trogenerated chemiluminescence (ECL) was also observed in 
graphene oxide aqueous suspension with NaClO 4  and tri-n-
propylamine (TPrA). [  75  ]  With the presence of graphene oxide, 
the ECL is signifi cantly enhanced while very little ECL was 
observed without graphene oxide. 

 Another interesting optical aspect of graphene is colloidal 
graphene QDs. Graphene QDs—irrespective of the synthesis 
method, whether it be the bottom-up synthesis from small mol-
ecules, [  69  ]  top-down cutting (chemically or electrochemically) 
from graphene oxide, reduced graphene, graphite or carbon 
fi ber, [  70  ,  71  ,  76  ] —have inherited the unique properties of inorganic 
colloidal semiconductor QDs. [  30  ,  69–71  ]  Graphene QDs can be 
blue or green luminescent and act as a good charge carrier sep-
arator in bulk heterojunction photovoltaic cells. [  69–71  ]  The photo-
luminescence of graphene QDs can be tuned by atomic doping. 
For example, nitrogen-doped colloidal graphene QDs with a 
N/C atomic ratio of 4.3% from the electrochemical method was 
highly blue photoluminescent, quite different from nondoped 
ones. [  77  ]  Graphene QDs may provide a fl exible and general plat-
form for advanced optical and optoelectronic applications. 

 In comparison with the huge efforts made in exploring the 
electronics of graphene, the optical and optoelectronic applica-
tions initially received less attention. However, rapid advances 
in these fi elds are currently being made. Graphene has shown 
great potential in transparent conductive electrodes, photode-
tectors and phototransistors, photovoltaics and light-emitting 
devices, saturable absorbers for ultrafast laser, and biological, 
photocatalytic and other optical and optoelectronic applications. 
We will briefl y review recent advances in this fast developing 
fi eld in the next section. Due to the rapidly growing numbers of 
references, despite trying our best to include all the important 
works, we acknowledge that some may have been missed in the 
Feature Article. 

    4. Optical and Optoelectronic Applications 
of Graphene-Based Nanomaterials 

  4.1. Transparent Conductive Electrodes 

 The transparent conductive electrode (TCE) is one of the most 
important elements in modern optoelectronic devices, from 
various kinds of displays to solar cells. ITO is usually used as 
the TCE in these applications. However, the fragile nature of 
ITO limits its application in some conditions. ITO is also lim-
ited by the scarcity and thus increasing cost of indium. There-
fore, there has been a strong quest for replacing ITO with other 
fl exible and cost-effective materials. CNTs and graphene are 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1984–1997
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both intensively pursued for TCE applications. [  78  ]  As a relative 
of CNTs, graphene has the advantages of low cost and easy 
processing for thin fi lm electrode fabrication. 

 Large area reduced graphene oxide (RGO) was fi rst explored 
as TCE because of its availability in large scale and solution 
processability. [  14  ,  15  ,  79  ,  80  ]  For example, the reduced graphene 
oxide can be found to have a sheet resistance of  ≈ 1000  Ω /
square at the transparency of  ≈ 80%. [  78–80  ]  RGO can be effective 
TCE for solar cells and light emitting diodes. [  41  ,  42  ]  However, the 
conductivity of RGO is still two orders of magnitude lower than 
ITO due to large scale residue defects in RGO even after chem-
ical or thermal reduction. Reduced graphene oxide sheets with 
larger size up to several hundreds of micrometers have a better 
conductivity than normal, smaller graphene oxide with a size 
distribution from several hundreds of nanometers to several 
micrometers. [  80  ]  This method applied slightly oxidized graphite 
oxide to prepare single layer graphene oxide. The lower con-
tent of oxidization reduced the oxygenous defects, and the size 
of graphene oxide can be controlled from  ≈ 100–300 to 
 ≈ 7000  μ m 2 . Large sheet-based conductive thin fi lm obtained 
a conductivity of 840  Ω /square at 78% transmittance. Another 
way is to use a graphene composite with a conductive polymer 
such as poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) 
(PEDOT:PSS). [  15  ]  Solution processable, large size reduced 
graphene was fi rst mixed with conductive polymer PEDOT:PSS 
to form a conductive thin fi lm on polyethylene terephthalate 
(PET). The obtained GCE with a lowest sheet resistance of 80  Ω /
square and only 5% increase after 1000 bending and stretching 
cycles with a strain of  ≈ 2.4%. Exfoliated graphene from graphite 
without oxidation is also explored for TCE applications. For 
example, graphene from exfoliated intercalated graphite com-
pounds can be used to make a single layer graphene sheet that 
is stable in organic solvents. The highly conductive graphene 
was obtained by Langmuir–Blodgett assembly and the layer-by-
layer technique. [  56  ]  

 CVD-grown graphene has better quality than RGO and can be 
fabricated in a large area, and is more promising as a TCE than 
RGO. Recently, a roll-to-roll method of CVD-grown graphene 
was developed to fabricate large-area, fl exible, and highly con-
ductive TCE with a size of up to 30 inches ( Figure    5  A). [  13  ]  After 
nitrogen doping by HNO 3 , the sheet resistance can be as low 
as 20  Ω /square at 90% transmittance with only 4 layers of 
graphene. Large scale pattern growth of graphene was well 
developed for stretchable transparent electrodes (Figure  5 B). [  12  ]  
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 1984–1997

     Figure  5 .     Graphene-based transparent electrodes for optoelectronic app
transparent electrodes for touch screens. B) Large scale patterned grow
nickel. Reproduced with permission. [  13  ,  12  ]  Copyright 2010, Nature Publishi
right 2009, Nature Publishing Group (B).  
Patterned thin nickel layers on SiO 2 /Si substrate was used to 
grow graphene using CVD method. The graphene had mobility 
over than 3700 cm 2  v  − 1  s  − 1 , and the thin fi lm demonstrated low 
resistance of 280  Ω /square at 80% transparency. The graphene 
fi lms were also proved to be excellent transparent electrodes 
in fl exible, stretchable, foldable electronics. [  12  ]  Some further 
improvements to get higher quality graphene were also devel-
oped to enlarge the grain size of CVD-grown graphene. [  81  ]  To 
date, CVD is one of the most promising methods to produce 
graphene meeting the three requirements needed for TCE 
applications, i.e., large scale production, high quality, and rela-
tively easy processing.  

   4.2. Photodetectors and Phototransistors 

 The photodetector is a crucial element in modern optical com-
munications. Graphene has a high charge carrier mobility and 
short lifetime of carriers, and therefore is a potential candidate 
for high frequency, ultrafast photodetectors. Indeed, a 40 GHz 
photodetector has been reported based on mechanically exfo-
liated single- and few-layer graphene with a potential intrinsic 
bandwidth over 500 GHz ( Figure    6  A). [  43  ]  The generation and 
transport of photocarriers are very different from conventional 
semiconductors. The ultrafast photodetectors did not need bias, 
and were driven by the internal electric fi eld between metal 
electrodes and graphene. The responsivity of the photodetector 
was  ≈ 0.5 mA/W, and can be improved to 6.1 mA/W by using 
intercalating heterogeneous electrodes. [  82  ]   

 Although pure graphene-based photodetectors have high per-
formance in high frequency devices, their photoresponsivity is 
quite low due to the fast carrier dynamics and low light absorp-
tion by single layer graphene. Therefore, several methods are 
developed to improve the photoresponsivity. For example, 
semiconductor quantum dots and nanorods are introduced to 
graphene to enhance the light absorbance. [  83–89  ]  CdS QDs, PbS 
QDs, and ZnO nanorods were in situ grown on the graphene 
surfaces to enhance the visible and UV absorption. The respon-
sivity can reach 22.7 A/W for ZnO nanorods/graphene het-
erostructures with high selectivity, and 10 7  A/W in PbS QD/
graphene hybrids. [  87  ]  Other methods have also been developed 
by tuning defects in graphene by using reduced graphene oxide 
with controlled reduction. [  28  ,  90–92  ]  Recently, solution-processable, 
bandgap tunable, large scale, few-layer reduced graphene oxide 
mbH & Co. KGaA, Weinh
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(FRGO) has been developed for both UV and 
visible sensitive photodetectors with high 
photoresponsivity of 0.8 A/W for 365 nm UV 
light (Figure  6 B). [  28  ]  Large scale, few-layer 
graphene oxide fi lm was fabricated by spin-
ning coating and the following low-tempera-
ture, well controlled thermal reduction. The 
bandgap of few-layer reduced graphene oxide 
can be tuned with oxygenous groups from 
0.5–2.2 eV, and the photoresponses changed 
with reduction states. The oxygenous defects 
were found to have strong infl uences on the 
fi eld effect transport of photocarriers. [  28  ]  The 
enhanced photoresponsivity with a loss of 
high frequency responses results from the 
1989wileyonlinelibrary.comeim
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     Figure  6 .     Phototransistors and photodetectors based on graphene. 
A) 40 GHz ultrafast photodetector based on mechanically exfoliated 
graphene. B) Phototransistor based on thermally reduced few-layer 
reduced graphene oxide (FRGO). C) Monitoring photo-thermoelectric 
effect in the junction of single-bilayer in phototransistors. Reproduced 
with permission. [  43  ,  28  ,  47  ]  Copyright 2009, Nature Publishing Group (A); 
copyright 2010 American Chemical Society (C).  
changes in recombination dynamics of excited charge carriers 
by defects. [  90–92  ]  In another example, graphene nanoribbon 
obtained from carbon nanotubes splitting demonstrated two 
orders of magnitude higher photoresponse and effi ciency than 
90 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
www.MaterialsViews.com

normal, large size reduced graphene oxide sheet in infrared 
photodetectors. [  90  ]  The responsivity of graphene nanoribbon 
photodetectors reached  ≈ 1 A/W. The performance of graphene 
nanoribbon photodetectors can be further improved by using 
narrower nanoribbons. 

 Phototransistors are also extensively studied to explore the 
optoelectronic transport in graphene. [  28  ,  43  ,  45  ,  47  ,  48  ,  93–96  ]  The con-
tact edge induced internal fi eld has been demonstrated to have 
a signifi cant infl uence on the optoelectronic behavior, evi-
denced by photoimaging of the photocurrent distribution in the 
device. [  96  ]  Ballistic photocurrent generation and manipulation 
in graphene were also explored. [  94  ]  Furthermore, photothermal 
effect and hot carriers were found to have strong infl uence on 
the optoelectronic transport. [  45  ,  47  ,  48  ]  In a demonstration, the 
polarity and amplitude of the photocurrent in graphene single-
bilayer interface junction was measured with a tunable Fermi 
level in phototransistors (Figure  6 C). [  47  ]  The photocurrent 
increased 10-fold at cryogenic temperature when compared 
with room temperature. The photothermal effect induced the 
photocurrent generation in the single-bilayer graphene junc-
tions, and might improve graphene-based optoelectronics such 
as photovoltaics and photothermocouples. In most of these 
studies, mechanically exfoliated graphene and thermal deposi-
tion graphene from SiC were used. Recently, few-layer reduced 
graphene oxide was also developed for phototransistors with 
high photoresponsivity (Figure  6 B). The oxygenous groups 
were found to have a signifi cant infl uence on the transfer char-
acteristics of the phototransistors based on few-layer reduced 
graphene oxide as a result of their infl uences on the photocar-
rier transport. [  28  ]  

   4.3. Photovoltaic and Light Emitting Devices 

 The increasing demand for clean energy makes photovoltaic 
conversion an intensively studied fi eld. Graphene can play 
several different roles in photovoltaic devices, including the 
above-mentioned transparent electrodes, active materials in 
solar cells (charge separator and transporter in bulk junction 
polymer solar cells and dye-sensitized solar cells (DSSCs)), and 
counter electrodes replacing platinum in DSSCs. [  83  ,  84  ,  97–105  ]  In 
one example, a transparent, conductive and ultrathin graphene 
fi lm was applied as top window electrodes for solid-state 
DSSCs ( Figure    7  A). [  97  ]  The graphene fi lms had a conductivity 
of 550 S/cm and a transparency of over 70% in the range of 
1000–3000 nm, with high chemical and thermal stabilities. 
The power conversion effi ciency is 0.84% for the DSSCs. In 
another case, graphene composite with conductive polymer 
was found to be an excellent counter electrode to replace plat-
inum counter electrodes for DSSCs. [  105  ]  Graphene derivative 
such as graphene oxide and quantum dots have been used as 
active acceptor materials in organic solar cells. [  99  ,  100  ]  Graphene 
oxide was fi rst functionalized with phenyl isocyanate to make 
it soluble in organic solvents and more suitable to be used as 
an electron-acceptor material in bulk heterojunction organic 
solar cells. The highest power conversion effi ciency reached 
1.4% for poly(3-octylthiophene) (P3OT)-based bulk heterojunc-
tion solar cells. Electrochemically derived graphene quantum 
dots were recently used in bulk heterojunction solar cells with 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1984–1997
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     Figure  7 .     Photovoltaic and light-emitting devices based on graphene. 
A) Graphene as top window electrodes for photovoltaic cells. B) QDs sen-
sitized graphene for photoelectrochemical cells. C) Transparent, fl exible 
graphene composite electrodes for organic light emitting diodes. Repro-
duced or adapted with permission. [  97  ,  83  ,  15  ]  Copyright 2008, American 
Chemical Society (A); copyright 2010, Elsevier (B).  
poly(3-hexylthiophene) (P3HT) as the donor and graphene 
quantum dots as the acceptor. The power conversion effi ciency 
for a primitive device was 1.28%. [  70  ]   

 Graphene was also applied as conductive scaffold and charge 
transporter and collectors in semiconductor quantum dots based 
photoelectrochemical cells, and DSSCs (Figure  7 B). [  83  ,  84  ,  103  ,  104  ]  
In an example, CdS QDs are in situ grown on non-cova-
lently modifi ed, chemically reduced graphene to form CdS 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 1984–1997
QD/graphene heterostructures and used in photoelectrochem-
ical cells. [  83  ]  The photocurrent generation and internal photo-
electron conversion effi ciency (IPCE) of heterostructures was 
over 3 times higher than pure QDs with higher on-off ratio and 
faster photocurrent dynamics, and was 2.4-fold higher than that 
in the CNT/QD counterpart. Layered QD/graphene composites 
were also applied in photovoltaic devices with enhanced IPCE 
compared with the CNT/QD composite. [  84  ]  The graphene scaf-
fold was reported to have a fi ve-times larger power conversion 
effi ciency in TiO 2  based DSSC. [  104  ]  

 Similarly, light emitting devices such as light-emitting diodes 
are some of the most important devices frequently used in dis-
play technology. [  13  ,  15  ,  106  ]  The lower-energy-consuming advantage 
of light-emitting diodes (LEDs) is more intriguing in the age of 
energy shortage and increasing concern about environmental 
pollution. A roll-to-roll technique was developed to fabricate 
30-inch few-layer graphene transparent electrodes for touch 
screens. [  13  ]  Graphene and graphene composite transparent elec-
trodes are also used for organic LED (OLED) applications. A 
novel, low-temperature, solution-processed, fl exible, transparent 
graphene composite electrode (GCE) was applied as a TCE 
for OLEDs with a comparable effi ciency to ITO electrodes 
(Figure  7 C). [  15  ]  Effi cient OLED devices can also be achieved 
by using transparent electrodes based on graphene oxide. [  106  ]  
However, this method requires high temperature (1100  ° C) 
annealing to reduce the graphene oxide and to obtain high con-
ductivity of transparent electrodes. 

   4.4. Saturable Absorber for Ultrafast Lasers 

 The ultrafast laser is one of the most important technologies 
in optoelectronic devices. [  107  ,  108  ]  Saturable absorbers are exten-
sively used in mode-locked ultrafast lasers, whereby saturable 
absorbers transform continuous light to ultrafast short optical 
pulses. Graphene has linear electronic dispersion with a zero 
bandgap, ultrafast carrier dynamics, and broad band absorp-
tion, which makes it an excellent nonlinear optical material for 
use as a saturable absorber. Both pure graphene and graphene 
composites have been investigated as saturable absorbers in 
ultrafast lasers. [  107  ,  108  ]  In one demonstration, atomic graphene 
layers, single-layer graphene by chemical vapor deposition, or 
few-layer random stacks of single-layer graphene, had a saturable 
absorption at a much lower threshold than CNTs. Therefore, 
such atomic graphene layers were suitable to work as saturable 
absorber to generate ultrashort soliton pulse in mode-locked fi ber 
lasers ( Figure    8  A). [  107  ]  The ultrashort pulse was as short as 756 fs 
with a bandwidth of 5 nm, and the modulation depth was well 
tuned in a range of 6.2% to 66.5% by controlling the graphene 
thickness. Similarly, graphene composites with polymer such as 
polyvinyl alcohol (PVA) are also a good alternative of pure few-
layer graphene for saturable absorbers (Figure  8 B). The graphene 
used in the composite was obtained from exfoliating graphite by 
inorganic salt and was highly solution processable. More impor-
tantly, this graphene/polymer composite allowed the wet-chem-
istry processing and easy integration of the composite with many 
photonic systems. 50- μ m-thick graphene/PVA composites can 
work as an excellent absorbers for ultrafast mode-locked lasers 
with 5.24 nm spectral bandwidth and 460 fs duration. [  108  ]   
1991wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  8 .     Ultrafast lasers based on graphene saturable absorbers. 
A) Single and few-layer graphene as saturable absorbers. B) Graphene/
PVA composites as saturable absorbers. Reproduced with permis-
sion. [  107  ,  108  ]  Copyright 2010, American Chemical Society (B).  

     Figure  9 .     Biological applications of graphene-based nanomaterials. A) FRET
based on graphene. B) In situ molecular monitoring based on graphene oxi
probes. Reproduced with permission. [  21  ,  112  ]  Copyright 2010, American Chem
www.MaterialsViews.com

   4.5. Biological Applications 

 The unique structural, electronic and optical properties of 
graphene make it promising in many biological applications, 
such as biosensors, drug delivery, and bioimaging. [  19–23  ,  109–121  ]  
Graphene itself has only weak fl uorescence, but it is an excel-
lent electronic and energy acceptor, suitable as a general fl uo-
rescence quencher for many kinds of materials from dyes to 
quantum dots. [  19  ,  21  ,  109  ,  117  ]  Many fl uorescence resonance energy 
transfer (FRET) biosensors can be designed based on this 
strategy, using either graphene or graphene oxide. [  19  ,  21  ,  115–117  ]  
It has been demonstrated that by combining the unique 
FRET properties of graphene with the selectivity of aptamers, 
a highly sensitive aptasensor for thrombin can be achieved 
( Figure    9  A). [  21  ]  The aptamer was attached to graphene by self 
assembly between graphene and DNA base pairs. After self 
assembly, the fl uorescence of dyes attached to aptamers was 
quenched due to FRET. Aptamers were transformed to quad-
ruplexes upon binding to targets, resulting in the recovery of 
fl uorescence. Therefore, the turn-on biosensors can be achieved 
for proteins, inorganic ions, and even cells with the various 
aptamers. The sensitivity of graphene FRET sensors is two 
magnitudes of order higher than the CNT-based sensors with 
a detection limit of 31 pM for thrombin. [  21  ]  Similar fl uores-
cent sensors were developed to detect DNA and heavy metal 
ions. [  115–117  ]  For example, graphene nanoprobes for Hg 2 +   and 
Ag  +   were developed by forming graphene-based hybrids with 
Hg 2 +   sensitive aptamers or Ag  +  -specifi c cytosine-rich oligonu-
cleotides. The dye-labeled aptamers or oligonucleotides were 
attached to graphene oxide surfaces by self assembly, followed 
by the quenching of fl uorescence of dyes. The fl uorescence of 
dyes recovered in presence of Hg 2 +   and Ag  +  . The detection limit 
was 30 nM for Hg 2 +   and 5 nM for Ag  +  . [  115  ,  116  ]  This strategy was 
also used to detect oligonucleotides, where hybridized DNA 
mbH & Co. KGaA, Wein

 aptamer sensors 
de/aptamer nano-
ical Society.  
duplex had weaker binding forces compared 
with single stranded DNA. Note that duplex 
DNA can also react with graphene but with a 
lower affi nity compared with single stranded 
DNA. [  113  ]   

 Other promising fi elds for graphene-
based nanomaterials are bioimaging, drug 
delivery, and photothermal therapy. [  22  ,  23  ,  114  ]  
Nanographene oxide is visible and infrared 
luminescent and is an excellent bioimaging 
agent in cells. [  22  ]  Nanographene oxide is also 
easily modifi ed by functional groups for drug 
loading and cell uptake. [  22  ,  23  ]  Functional-
ized nanographene oxide has been used as 
a loading carrier of anticancer drugs and as 
photothermal agent to kill cancer cells. [  22  ,  23  ,  114  ]  
For example, nanographene oxide or graphene 
with a lateral size less than 50 nm was modi-
fi ed by polyethylene glycol (PEG) to form 
PEGylated nanographene oxide and nano-
graphene sheets, which makes them soluble 
in water for loading drugs or photothermal 
therapy. [  23  ]  PEGylated nanographene oxide 
can load aromatic, water-insoluble anticancer 
drugs SN38 via noncovalent van der Waals 
heim Adv. Funct. Mater. 2013, 23, 1984–1997
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     Figure  10 .     Photocatalytic applications of graphene-based photocatalysts. 
A) P25/graphene hybrids for photocatalytic degradation of pollutant 
dyes. B) CdS cluster decorated graphene for photocatalytic generation 
of hydrogen from water splitting. Reproduced with permission. [  124  ,  129  ]  
Copyright 2010, American Chemical Society (A); copyright 2011 American 
Chemical Society (B).  
interaction without damaging the potency of SN38. PEGylated 
nanographene sheets have shown ultrahigh tumor uptake effi -
ciency in mice, and effi cient photothermal therapy by strong 
near-infrared absorption of nanographene sheets. [  114  ]  Effi cient 
tumor ablation under low-power, near-infrared laser irradia-
tion was easily achieved after intravenous administration. No 
obvious side effect of PEGylated nanographene sheets in mice 
was observed in histology, blood chemistry, and complete blood 
panel analysis, although greater effort is needed to fully under-
stand the in vivo behavior of nanographene sheets. 

 Graphene or its derivatives can also be a potential platform 
for monitoring cell behavior. For example, graphene oxide/
aptamer nanocomplex was used to monitor the molecular 
behavior in cells (Figure  9 B). [  112  ]  By forming adenosine triphos-
phate (ATP) aptamer/graphene oxide nanocomplex, the ATP 
activity in the cells can be monitored with the fl uorescence 
recovery in the nanocomplex after the uptake of nanocomplex 
to cells. The uptake of nanocomplexes by mice epithelial cells 
was found to be very effi cient after co-incubation of the ATP 
aptamer/graphene oxide nanocomplex with the cells. The ATP 
aptamers were released when met ATP in living cells, and 
the fl uorescence of dyes labeled to aptamers was recovered. 
Very recently, the behavior of cells on transparent, few-layer 
reduced graphene oxide was demonstrated to be well controlled 
by tuning the oxygenous functional groups in the reduced 
graphene oxide. [  118  ]  Oxygen groups have a profound infl u-
ence on the cell behavior on graphene oxide surfaces, with the 
best cell attachment and proliferation on moderately reduced 
graphene oxide, and the worst on the highly reduced graphene 
oxide. The weak forces, such as electrostatic, hydrogen bonding, 
and hydrophobic interactions, have strong infl uence on protein 
absorption at graphene oxide surfaces and the subsequent cell 
behavior at graphene oxide surfaces. [  118  ]  Graphene also showed 
great potential in neural cell studies due to its compatibility 
with cells, high conductivity, and transparency. [  119  ,  120  ]  

   4.6. Photocatalytic Applications 

 In addition to the applications mentioned above, there are 
emerging applications of graphene in the fi eld of photocatal-
ysis. [  122–134  ]  Graphene-based composites with semiconductors 
are found to have much better photocatalytic properties than 
pure semiconductors. [  124–126  ]  Graphene composite photocata-
lysts are increasingly used both in photodegradation of pollu-
tion and in solar water splitting for hydrogen generation. The 
degradation of dyes and the photocatalytic hydrogen evolution 
from water were found improved signifi cantly by introducing 
graphene to semiconductors, where graphene works as a charge 
separator and cocatalyst. [  124–126  ,  128–134  ]  Graphene based photoca-
talysis is an emerging new application of graphene, although 
the real advantage of graphene over other carbon nanomaterials 
is still not clear. 

 There are several methods to produce graphene-based pho-
tocatalysts, including in situ growth, solution mixing, and sol-
vothermal reactions. [  122–126  ,  128–134  ]  In situ growth starts from ion 
salts as precursors, e.g., Cd 2 +  , [  130  ]  Zn 2 +  , [  126  ]  followed by in situ 
chemical reactions of ions on graphene surfaces. Metal oxide, 
metal sulfi de, and more complex semiconductor like BiVO 4  
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 1984–1997
can be grown by this in situ growth method. [  124–126  ,  130–134  ]  Solu-
tion mixing is another commonly applied method to prepare 
graphene based photocatalysts. [  122  ]  Hydrothermal and solvo-
thermal methods can grow many kinds of inorganic semicon-
ductors on graphene, and induce strong electronic connections 
between graphene and semiconductors. [  122  ,  124  ]  Solvothermal 
process enhances the electronic transfer between two parts of 
graphene-based photocatalytic hybrids. 

 One of the most important applications of photocatalysts 
is pollutant photodegradation. [  124–126  ]  TiO 2  is the mostly used 
semiconductor in photocatalytic applications due to its stability 
and large bandgap. Therefore, TiO 2 -graphene based composites 
are developed to construct highly effi cient photocatalysts for dye 
degradation. [  124  ]  A highly effi cient P25-graphene composite pho-
tocatalyst was fabricated by hydrothermal reaction of P25 and 
graphene oxide, and had a higher performance for methyl blue 
degradation than pure P25 or P25/CNT composite photocata-
lysts ( Figure    10  A). [  124  ]  The improved performance was ascribed 
to the higher effi ciency in photoexcited electron transfer between 
dyes and graphene. Other semiconductors such as ZnO were 
also used to form composite photocatalysts with graphene. [  125  ]  
ZnO nanoparticles were grown on graphene oxide followed by 
1993wileyonlinelibrary.combH & Co. KGaA, Weinheim
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 chemical reduction of graphene oxide to graphene. A four-times 

higher photocatalytic effi ciency was observed than pure ZnO, 
and was attributed to the highly effi cient transfer of electrons 
from ZnO to graphene and thus the inhibition of recombination 
between excited electron-hole pairs.  

 Another application of graphene-based photocatalysts is 
photocatalytic hydrogen generation from water splitting. [  127–134  ]  
Although most photocatalysts are graphene/semiconductor 
hybrids, graphene oxide itself was found to have a good per-
formance in the generation of hydrogen by splitting water and 
a water/methanol mixture. [  127  ]  In addition to the application 
of TiO 2 /graphene in the photodegradation of pollutants, it is 
also found to have a high performance in solar water splitting 
to generate hydrogen. [  128  ,  130  ]  Complex oxide materials such as 
BiVO 4  can also be used as high performance photocatalysts by 
forming graphene based hybrids. [  134  ]  For example, BiVO 4  was 
grown on a reduced graphene oxide surface using a one-step 
method and was highly effi cient in water photoelectrochemical 
splitting. [  134  ]  The effi ciency of visible light photoelectrochemical 
water splitting was improved by a factor of 10 by incorporating 
graphene in the BiVO 4  photoelectrodes. Other than oxide, 
metal sulfi des such as CdS are also common semiconductors 
in photocatalytic hydrogen generation. [  129  ,  130  ]  In one demon-
stration, CdS nanoparticles were grown on the graphene sur-
faces via an in situ growth hydrothermal method followed by 
deposition of a Pt nanoparticle cocatalyst (Figure  10 B). [  129  ]  The 
hybrid photocatalysts had a 4.87-times higher H 2  production 
rate than pure CdS nanoparticles with Pt cocatalysts under vis-
ible light. The quantum effi ciency of 22.5% was obtained at 
420 nm. Note that CdS nanoparticles were also found to have 
comparable photocatalytic effi ciency in hydrogen generation 
when forming hybrids with graphene or Cu cluster-graphene as 
cocatalysts without using noble metal cocatalysts like Pt. [  130  ,  131  ]  
Similar hydrogen generation performance was observed in 
the Zn 0.8 Cd 0.2 S/reduced graphene oxide hybrids with 450% 
improvement compared with pure Zn 0.8 Cd 0.2 S, and the energy 
conversion effi ciency reached 0.36%. [  133  ]  

 In addition to the above-mentioned examples of optical and 
optoelectronic applications of graphene, many other interesting 
and just emerging applications can be found in more detail 
in several excellent reviews. [  41  ,  42  ]  Due to the rapidly growing 
number of references in this fi eld, we cannot possibly cover all 
the important progress within this Feature Article. In the fol-
lowing section we will discuss some perspectives and future 
challenges that need to be addressed in order to realize large 
scale and practical optical and optoelectronic applications of 
graphene. 

    5. Conclusions and Perspectives 

 The interest in optical and optoelectronic aspects of graphene-
based nanomaterials has evolved along with interest in their 
electronic properties. It is normal that the extraordinary elec-
tronic properties of graphene generate great interest in its 
optical and optoelectronic properties. The combination of 
the unique electronic and optical properties of graphene has 
encouraged numerous explorations of graphene-based nano-
materials in transparent conductive electrodes, photodetectors 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
www.MaterialsViews.com

and phototransistors, photovoltaics and light emitting devices, 
saturable absorbers for ultrafast lasers, and biological and pho-
tocatalytic applications. Graphene-based nanomaterials have 
demonstrated their excellent performance in these fi elds and 
much progress has been made in the past few years. We should 
note that the excellent performance of graphene in optics and 
optoelectronics has lead to the increasing exploration of other 
two-dimensional atomic crystals such as MoS 2 . [  135–139  ]  We 
believe there are still many two-dimensional atomic crystal 
mines that remain to be discovered. 

 The most important optical and optoelectronic progress in 
graphene-based nanomaterials has been made for graphene 
TCEs. The high transparency and fl exibility together with high 
conductivity of graphene make it a good fl exible element where 
conventional electrodes, e.g., ITO, cannot work because of brit-
tleness. Graphene thus enables many new device arrangements, 
including fl exible, wearable electronics and optoelectronics. The 
most exciting development of graphene in TCE practical appli-
cations is large-area CVD graphene TCEs for touch screens. [  13  ]  
However, there are still many fundamental and technical 
challenges for the optical and optoelectronic applications of 
graphene before they becomes industrially viable. 

 Firstly, the mass production of high quality graphene with 
controlled functionalization and properties still remains chal-
lenging. High quality graphene on a large scale is the funda-
mental issue limiting the applications of graphene, although 
some advances have been made. Both reduced graphene 
oxide and CVD graphene could be more promising than other 
methods in mass production. CVD has a better quality in terms 
of conductivity and carrier mobility while reduced graphene 
oxide can be easily functionalized because of the residual oxyge-
nous groups. However, there is still a lot of work to be done to 
improve the quality of CVD graphene, and to conduct the func-
tionalization in a more controllable manner. 

 Secondly, it is still a big challenge for large scale, low tem-
perature production of high quality TCE from graphene. CVD 
graphene has an excellent performance in terms of conductivity 
and transparency for TCE applications (20  Ω /square at 90% 
transparency). However, the CVD method needs high tempera-
ture deposition growth by carbon sources on metal ( ≈ 1000  ° C) 
and tedious transfer process afterwards. Thereby it is very chal-
lenging to develop a method to produce TCE under low temper-
ature processing (less than 200  ° C) without the need of tedious 
transfer. It is also important to produce TCE as large as desired 
with convenient techniques like spin coating. Therefore, high 
quality, solution-processable graphene may be a promising 
alternative for CVD graphene in graphene TCE with the com-
mercial ITO quality (8–100  Ω /square conductivity, over 85% 
transparency and high environmental stability). 

 Thirdly, graphene has shown advantages in high frequency 
optoelectronic devices such as ultrafast photodetectors. How-
ever, the responsivity of ultrafast photodetectors based on 
graphene is low due to the weak photon absorption and fast 
charge carrier kinetics. Very recently, the coupling of semicon-
ductors with graphene has been successful in improving the 
responsivity of graphene-based photodetectors, although this is 
accompanied by a reduced high frequency performance. There-
fore, it is highly expected to develop high frequency photode-
tector with high photoresponsivity. 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1984–1997
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 Finally, biological and environmental toxicity of graphene-
based nanomaterials are still poorly understood. Although 
graphene has great potential in bioimaging in cells or drug 
delivery, graphene’s toxicity to cells, organisms and the environ-
ment has not yet been completely assessed. They are biocom-
patible in some cases, while very toxic in others. Therefore, the 
biocompatibility of graphene needs to be better understood and 
to be controlled in a more rational manner. 

 We expect to see fast development in these directions in 
future decades. As one of the most important discoveries 
in recent years in condensed physics and materials science, 
graphene, the thinnest material in universe, will improve our 
understanding of the fundamental questions in physics. At the 
same time, graphene, along with other two-dimensional atomic 
crystals will impact human society through brand new technol-
ogies in near future. 
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