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Abstract

:

Graphene has impressive features that make it an exceptional material for sophisticated applications in next generation electronics and opto-electronics devices. This peremptory material has attracted researchers’ attention in various fields of recent advancement since its discovery in 2004. Its applied fields are increasing day by day. This two-dimensional material (2D) is using mellifluously for the development in different types of devices in the field of optics, photonics, light emitting diode (LED), medical diagnosis, sensing, and so on. In this review, the relevant optical properties and the applications areas with available results in various fields are discussed. Again, the optical conductivity of strained graphene is reviewed in a wavelength related regime that depends on strain modulus and position with field arrangements. Graphene shows a saturation and reverse saturation process due to the increase of light intensity. In addition, strong absorption is observed from the visible to mid-infrared (MIR) wavelength range. Moreover, the application areas of graphene including optics, photonics, plasmonics, mode-locked laser, optical modulator, etc., and the comparison of various results obtained from different sources are presented.
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1. Introduction


Graphene is a single layer sp    2    sheet material. It is also two-dimensional, one atom thick and crystal organized in a honeycomb pattern, and demonstrates surprising electronic, mechanical, thermal, optical, and opto-electronic properties. It has immense prospects for next-generation photonics, electronics, plasmonics, and opto-electronics. It was discovered by Novoselov and co-workers [1]. It is well known that graphene plays a vital role in developing the transparent electrode and optoelectronics [2,3,4]. The property that has mesmerized scientists is that this 2D material provides high electron mobility on size-dependent electrical devices by demonstrating high performance as well for optical devices [5,6]. The structure of the graphene indicates that it has large dislocated   π  -electrons that allow for the transfer of the energy. This detection of   π  -electrons is possible if the energy transfer occurs with its nearest molecules [7,8,9]. Graphene also contains nonlinear properties like a multi-wave and multi-photon absorption, optical limiting, etc. [10].



Graphene is used in various fields like optic, optical modulator, medical diagnosis devices, photonics, sensing, plasmonics, and solar cells. Graphene has given the display devices a new dimension, which is observed to be much more fascinating. More and more devices such as light emitting diodes (LEDs), liquid crystal displays (LCDs), solar cells, and touch-screens are developing with their amazing features. Moreover, graphene has a great impact on the field of medical diagnosis. For having various physicochemical characteristics, graphene oxide (GO) is useful for several medical applications like bio-markers imaging detection, cancer therapy, DNA, and biosensing. This has reduced the complication in the field of medical diagnosis. Graphene has shaped the optical modulator with its blissful characteristics. The optical modulator’s speed and bandwidth depend on graphene chatertistics [11]. The Fermi level of graphene film [12] pasted into a wave-guide for modifying the interband transition of graphene as speedy optical modulator was exhibited by Liu et al. [13]. Though the modulation bandwidth is limited to 1 GHz, researchers hope that it will be possible to increase the bandwidth more than 100 GHz.



Graphene has enriched the fields of optics. Like the other properties, such as electrical, mechanical, and thermal, graphene also has the properties of optical and optoelectronics, such as ultra high carrier mobility, thermal conductivity, and mechanical strength [14,15,16]. In addition, it has exposed different transport properties such as pseudo-spin, chirality and irregular quantum Hall effect [17]. It shows no difference in the band gap region with a minute overlap between valence and conduction bands [18]. Moreover, graphene transparency is very high, and a single layer graphene absorption capability is around 2.3% in the visible wavelength range [19]. The electron in the 2D atomic crystal of graphene behaves as mass-less, relativistic Dirac Fermions having linear energy dispersion [14]. Sometimes, the electric field of graphene can work as a bi-layer, as well as it being able to work as nano-ribbon because of its characteristics related to the semiconductor band gap [20,21,22,23].



Though a number of achievements have been done in grapheme-based applications, there are a lot of arguments for graphene in performance and a huge level of optical and opto-electronic applications. In this review, dynamic applications and properties of graphene in different fields are presented. Moreover, this article not only provides the applications areas, but also gives details of its characteristics. Furthermore, recent progress of graphene-based medical treatment and diagnosis devices are reviewed. In Section 2, the theoretical background is presented where the properties of graphene from different aspects is shown. Section 3 demonstrates the optical properties of strained graphene. In Section 4, various application areas of graphene related to photonics, plasmonics, mode-locked lasers, optical modulators, and sensing are discussed. Moreover, in Section 5, the application areas are categorized in different subsections like sensing, medical applications, etc. The prospects and challenges of graphene are shown in Section 6. Finally, conclusions are presented in Section 7.




2. Theoretical Background


2.1. Optical Conductivity


The general expression for conductivity of graphene is discussed by Falkovsky et al. [24]. This dynamic conductivity of graphene (real and imaginary) is presented for observing the temperature and frequency relations by varying carrier concentration in both and multi-layers of graphene. It was discussed in the case of high frequencies considering    ω > > ( k v ,  τ  − 1   )   ; here, dynamical conductivity is given by [24]


   σ  ( ω )  =   e 2   i π ℏ    [  ∫  − ∞   + ∞   d ε   ε   ω 2     d  f 0   ( ε )    d ε   ]  −  ∫  0   + ∞   d ε    f 0   ( − ε )  −  f 0   ( ε )      ( ω + i δ )  2  − 4  ε 2     ] ,    



(1)




where     f 0   ( ϵ )  =   e x p [    ε − μ  T   + 1 ]   − 1      is the Fermi function,   ω   is known as angular frequency,   ε   is the complex dielectric function, e indicates electron’s charge,    τ  − 1     is defined as the rate of the collision of electron, v is considered velocity of Fermi level, k is considered wave vector, and    ( ω + i δ )    is taken as the complex frequency. Equation (1) indicates the scattering process of electrons, and generally this phenomenon happens in the intraband stage. Integrating Equation (1)


    σ  i n t r a    ( ω )  =   2 i  e 2  T   π ℏ ( ω + i  τ  − 1   )   l n  [ 2 c o s h  (  μ  2 T   )  ]  ,   



(2)




where   μ   is the chemical potential, and T indicates temperature. The term    ( w + i  τ  − 1   )    can be written instead of   ω   because the impurity process of the electron. Considering the Fermi–Dirac condition, the conductivity of the considered intraband is calculated through


    σ  i n t r a    ( ω )  =   2 i  e 2  T   π ℏ ( ω + i  τ  − 1   )     



(3)




in the second part of Equation (1), where it is considered that   δ   is almost zero. In addition, considering the temperature is zero,


    σ  i n t r a    ( ω )  =   e 2  4   [ θ  ( ω − 2 μ )  −  i  2 π   l n    ( ω + 2 μ )  2    ( ω − 2 μ )  2   ]  .   



(4)







In Equation (4), considering   μ   as positive,    θ ( ω − 2 μ )    is the electron absorption in the intraband in the case of low temperature. Taking the condition    ω ≃ 2 μ    and    ω < μ   , it can write from Equation (4)


   θ  ( ω − 2 μ )  →  1 2  +  1 π  arctan   θ ( ω − 2 μ )   2 T   .   



(5)







In the second integrate of Equation (1), the Fermi level can be written [24]


   G  ( ε )  =   s i n h (  ε T  )   c o s h  (  μ T  )  + c o s h  (  ε T  )    .   



(6)







By operating on this equation using    G ( ω / 2 )   , and also considering    G ( ω / 2 ) = 0   , the interband conductivity can be written as


    σ  i n t e r    ( ω )  =   e 2   4 ℏ    G  (  ω 2  )  −   4 ω   i π    ∫  0   + ∞   d ε   G  ( ε )  − G  (  ω 2  )     ω 2  − 4  ε 2     .   



(7)







Now, considering the Boltzmann and Fermi–Dirac, the first term of the equation can be written as [24]


   G  (  ω 2  )  =      θ ( ω − 2 μ ) ,     μ ≥ T ,       tanh (  ω  4 T   ) ,     μ ≤ T .        



(8)







Using Equations (2) and (7), the conductivity is calculated. In Figure 1, the real and imaginary parts are plotted when the temperature is low. The dotted black and red line present the characteristics if the temperature is increased. Conductivity unit is considered as      e 2  ℏ     for graphene doped. Generally, the conductivity is observed responsive for varying the frequency. However, low temperature like 3 K shows nonlinear behavior for both real and imaginary conductivity at 0.3 × 10    3    K frequency. At 0.5 × 10    3    K, the real value of conductivity is decreased by increasing temperature. Again,    n 0    presents the electron density, and then chemical potential with the help of the electron density is calculated [24]


    n 0  =  2  π   ( ℏ v )  2     ∫  0   + ∞   ε   f 0   ( ε − μ )  −  f 0   ( ε + μ )   d ε .   



(9)







According to first figure, in Figure 2, there is a reverse relation between the temperature and chemical potential is observed.




2.2. Absorption, Transmission and Reflection Properties


In this section, optical transmission, reflection, and absorption of both mono layer and few layer graphene are represented by Kubo formula. This has been added dependence of optical conductivity of mono-layer graphene on chemical potential, temperature, frequency and relaxation time, both intraband and interband conductivity can be determined this using the Kubo formalism [26,27]


   σ  ( ω ,  μ c  , τ , T )  =   e 2   π  ℏ 2     i  ω − i  τ  − 1       i   ( ω − i  τ  − 1   )  2    ∫  0  ∞  ξ    ξ  f d   ξ    δ ξ   −   ξ  f d   − ξ    δ ξ    δ ξ −  ∫  0  ∞     f d   − ξ  −  f d   ξ      ω − i  τ  − 1    2  − 4   ξ  ℏ  − 1    2    δ ξ  .   



(10)







Equation (10) consists of two parts, among them part 1 is considered as intraband and where part 2 is for interband. For having less complexity in intraband,


    σ  i n t r a    ( ω ,  μ c  , τ , T )  =   e 2   π  ℏ 2      i  K B  T   ( ω − i  τ  − 1   )      μ c    K B  T   + 2 ln   e   −  μ c     K B  T    + 1   .   



(11)







When    μ c    is greater than     k B  ,    then the interband contribution can be approximated like


    σ  i n t e r    ( ω ,  μ c  , τ , T )  =   − i  e 2    4 π ℏ   ln    2   μ c   −  ( ω − i  τ  − 1   )  ℏ   2   μ c   +  ( ω − i  τ  − 1   )  ℏ    .   



(12)







Thus, the total conductivity of mono-layer graphene can be given by [28]


    σ  m o n o    ( ω ,  μ c  , τ , T )  =  σ  i n t r a    ( ω ,  μ c  , τ , T )  +  σ  i n t e r    ( ω ,  μ c  , τ , T )  .   



(13)







Fermi–Dirac is expressed by [28]


    f d   ξ  =   1 +  e   ξ −  μ c     K B  T      − 1   ,   



(14)




where    k B    is the Boltzmann’s constant, and   ξ   is the Fermi energy, respectively. The use of few-layer graphene instead of mono-layer graphene is to reduce the thickness of the modulator. It is said that if the graphene has a small number of layers, then it shows the conductivity of the far infrared to the visible range [29,30,31,32]. For having this range, the optical conductivity of graphene of few layers can be written as [28]


    σ  f e w    ( ω ,  μ c  , τ , T )  = N  σ  m o n o    ( ω ,  μ c  , τ , T )  .   



(15)







Using a matrix [28],


    ε  g r a p h e n e   =      ε  g , t     0   0     0    ε  g , t     0     0   0    ε  g , t         



(16)




can be written.



Graphene’s tangential permittivity can be given by [28]


    ε  g , t   = 1 + j    σ  m o n o    ( ω ,  μ c  , τ , T )    ω  ε 0  ,  t  g m o n o     ,   



(17)




where mono-layer graphene’s thickness and permittivity of free space is defined by    t  g m o n o     and    ε 0   , respectively. To calculate the permittivity of graphene having small number of layers, it can be expressed as [28]


    ε  g f e w l a y e r   = 1 + j    σ  f e w    ( ω ,  μ c  , τ , T )    ω  ε 0  N  t  g m o n o     .   



(18)







Here, the thickness of few layer graphene is N times of mono layer,     t  g f e w   = N  t  g m o n o     . Moreover, the effective permittivity tensor of (few/mono-layer) graphene dielectric multilayer metamaterial with a unit cell thickness of d between 5 nm and 25 nm. For this, the specific frequency range of     k 0  d < < 1   , where    k 0    is the free space wave vector. Therefore, from effective medium theory (EMT), the effective permittivity tensor of the multilayer meta-material as [28]


    ε  e f f   =      ε  l l     0   0     0    ε  l l     0     0   0    ε  l l       ,   



(19)






    ε  l l   = f  ε  g , t   +  1 − f   ε d  ,   



(20)






    ε ⊥  =   f  ε  g , ⊥    +   1 − f   ε d    ,   



(21)




where    ε d    is the dielectric permittivity and f is the fill fraction defined as [28]


   f =   t g    t g  +  t d    ,   



(22)




where    t d    is considered as multilayer meta material cell thickness. Benefits of using few-layer graphene can be easily understood from the concept of fill fraction. However, both few-layer and mono-layer graphene permittivity have the same value, but the fill fraction for few-layer graphene dielectric multilayer meta-material is always higher than mono-layer. For a non-magnetic uni-axial meta-material, propagating wave vector for s and p polarization can be given by


    k  z s   =    ε 11   k  0  2  −  k  x  2     ( f o r   s   p o l a r i z a t i o n )  ,   



(23)






    k  z s   =    ε 11   k  0  2  −   ε 11   ε ⊥    k  x  2     ( f o r   p   p o l a r i z a t i o n )  .   



(24)







Now, for an anisotropic meta-material slab with thickness d, total magnetic fields for Transverse Magnetic (TM) (p) polarized wave can be given by


    H  y   i n c i d e n t m e d i a   =  H 0   e  −  j  k z  + j  k x     +  r p   e  j  k z  − j  k x    ,   



(25)






    H  y   A m m m e d i a   =  H +   e  −  j  k  z p   + j  k x     +  H −   e  j  k  z p   − j  k x    ,   



(26)






    H  y   e x i t m e d i a   =  t p   e  −  j  k z  + j  k x     ,   



(27)




where     k x  =  k 0  s i n θ    and     k z  =  k 0  c o s θ   ,   θ   is the incident angle,    r p    and    t p    are the complex amplitude coefficients of reflection and transmission of TM (p) wave by the slab, respectively. For Equations (25)–(27), there are four boundary conditions, and these conditions can be obtained by calculation of magnetic and electric field by varying the value of z ranging from 0 to d


    r p  =   j  p −  1 p   s i n   k  z z   d    2 c o s   k  z p   d  + j  ( p +  1 p  )  s i n   k  z p   d    ,   



(28)






    r p  =  2  2 c o s   k  z p    + j  p +  1 p   s i n   k  z p   d    ,   



(29)




where    p =     k x   ε y    k  z p       . For a Transverse Electric (TE) (s) polarized wave, reflection and transmission coefficients can also be expressed by Equations (28) and (29) with p replaced by,       k x   μ y    k  z s      . From Equations (28) and (29), power transmission and reflection coefficients can be obtained as


    T p  =    t p   2  ,   



(30)






    R p  =    r p   2  .   



(31)







Absorption coefficient can be obtained as [28]


    A s  = 1 −  R s  −  T s   ( f o r   s   p o l a r i z a t i o n )  ,   



(32)






    A p  = 1 −  R p  −  T p   ( f o r   p   p o l a r i z a t i o n )  .   



(33)








2.3. Nonlinear Properties


Graphene contains nonlinear properties such as saturable absorption, multi-wave mixing, reverse saturable absorption, optical limiting, etc. These nonlinear properties are very much significant for the development of graphene-based devices [10]. From Figure 3, it is said that, due to the increase of intensity, there is a presence of reverse saturation absorption (RSA) in GO. In addition, the presence of organic materials provide the excited state absorption (ESA) and two photon absorption (2PA), which have the dominating process in nonlinear absorption [33]. In saturation absorption strategy, due to the increase of light, the absorption decreases. Because of these properties, a mechanism of electron transfer occurs, which leads a material to express its high attentive behavior. As graphene has no band gap, it can absorb the incident photons. If there is a high recombination rate of electron-hole gas, then the absorption does not take place in the excited state. As a result, the reverse process occurs. As shown in Figure 3, the absorption in different wavelengths are observed through the transient response. Moreover, graphene has another nonlinear property that is called multi-wave mixing. Sometimes, it is needed to mix the wave having different wavelengths. As shown in Figure 3, the two waves having different wavelengths are observed. Here, graphene can be used as an element for mixing the waves. Graphene also shows optical limiting property, in which there is a high transmittance rate despite having low intensity of light or vice versa.




2.4. Electrical Properties


The transparent conductor’s performance depends on the use of the ratio of absorption coefficient (visible range) and electrical conductivity. The absorption conductivity is defined as   α   and expressed electrical conductivity by   σ   [34]


    σ α  = −  1   R s  ln  ( T + R )    ,   



(34)




where R    s    expressed by sheet resistance ohm     − 2    , and T, R are expressed by transmission and reflection [35]. If the ratio becomes large, it then indicates good performance of the transparent conductor.





3. Optical Properties of Strained Graphene


Strain engineering has added a dynamic value in the optical properties of graphene. The anisotropic absorption caused by strain engineering added a new dimension for thin and transparent optical elements [36]. Guang-Xin et al. [36] showed that graphene transparency due to Polyethylene terephthalate (PET), in which there is a periodic modulation (0.1%), is seen as an effect of polarization direction. The term optical anisotropy caused by strain engineering is interpreted from that phenomena. The optical responses like reflection, transmission, and absorption are observed because of anisotropy, which is caused by strain [37]. Graphene is widely known as honeycomb lattice, in which each hexagonal structure is made of two triangular interpenetrating sub-lattices as shown in Figure 4. According to honeycomb lattice, graphene stays in    s  p 2     hybridization state. Low energy excitation can be observed in the honeycomb of graphene by electron hopping among the atoms. In the case of observing the modeling of graphene, the honeycomb lattice of graphene can be written as [37]


   H =  ∑  R ℓ    t ℓ   a †   ( R )  b  ( R +  δ ℓ  )  + H . c . ,   



(35)




where     a †   ( R )     is an operator that is used to create the position R of a sub-lattice, and    b ( R +  δ ℓ  )    is considered as a destruction operator for nearest neighbor (NN).    ( R +  δ ℓ  )    and    δ ℓ    are considered as vector connectors for the nearest neighbors.     t l  ≡ t  (  δ l  )    , l = 1, 2, 3, where it is called the hopping parameter between NN sites. When there is no strain, then     t ℓ  ≡  t 0    , where     t 0  = − 2.8    eV [38]. The strain tensor can be represented as [39]


   ϵ = ε      c o  s 2  θ − v s i  n 2  θ     ( 1 + v ) c o s θ s i n θ       ( 1 + v ) c o s θ s i n θ     s i  n 2  θ − v c o  s 2  θ      .   



(36)







Here,   θ  ,   ε   and    v = 0.14    are the applied strain angle, strain modulus and Poisson’s ratio.



In the case of optical conductivity, the density of current vector can be written as [38]


     J ˜  ∇   (  P ′  )  = −  e  2 m   ∫   d P    ( 2 π )  2    ( 2 P +  P ′  )   c  p  †   c  p +  p ′    .   



(37)







In this equation,     c  p  †   c  p +  p ′       is treated as the destruction operator. In the case of homogeneous momentum (as the value of    p ′    is zero), the density of current vector can be written


     J ˜  ∇   ( 0 )  =  e  i ℏ    [ H , r ]  = − e r ,   



(38)




where H is the Hamiltonian of the system. Now, considering linear-response theory, the conductivity   σ   can be related to the correlation of current–current function [38]


    σ  l m    ( μ , T ; ω )  =   i  e 2    m ω    δ  i m   +  i  ℏ ω N  A  c e l l       Π ˜   l m  R   ( 0 , 0 , ω )  .   



(39)







In this equation, N, T and   ω   are density of electron, temperature and external electric field, respectively.     A  c e l l   ,   Π ˜   l m  R   ( 0 , 0 , ω )     are primitive cell area and current current correlation Fourier transform function. Considering the real part


    σ  l m    ( μ , T ; ω )  = −  i  ℏ ω N  A  c e l l     l m   Π ˜   l m  R   ( 0 , 0 , ω )  ,   



(40)




now     Π ˜   l m  R    can be written as [38]


     Π ˜   l m    ( P ,  P ′  , τ )  = −   T τ     J ˜   l  ∇   ( P , τ )    J ˜   m  ∇   (  P ′  , 0 )    .   



(41)







In this equation,      J ˜   l  ∇   ( P , τ )     is defined as the Fourier transform of current density vector and   τ   is the imaginary time. Now, using      J ˜   l  ∇   ( P , τ )  ,    it can be written as [38]


    σ  l m    ( ω )  = R e   2 i    A  c e l l   ℏ ω    1 N   ∑  k λ   ∗      J ˜   l  ∇   ( k )     λ ¯  λ       J ˜   m  ∇   ( k )     λ ¯  λ       n F   (  ξ  k  λ ¯    )  −  n F   (  ξ  k λ   )    ℏ ω +  ξ  k λ   −  ξ  k  λ ¯    + i  0 +      .   



(42)







Here,     ξ  k λ   =  E  k λ   − μ    and     n F   ( ξ )     both are the Fermi function when the temperature is T. Now, in the case of external field, when,    l = m   , then


      σ 11   ( ω )    σ 0   =   2 π   τ  0  2     s i n h   1 2  ℏ β  ω     ℏ ω    1 N   ∑  k λ       J ˜   l  ∇   ( k )    λ  λ ¯   2  F  ( β , μ ; k )  ∗ δ  ℏ ω − (  E  k λ   −  E  k  λ ¯    )  ,   



(43)




where    β =   (  k B  T )   − 1      is considered as inverse temperature,    E  K λ     is band dispersion relation,    λ = 1   ,     λ ¯  = 2    and    β =   (  k B  T )   − 1      is considered as inverse temperature.      J ˜   l  ∇   ( k )  = e   t a  ℏ    J ˜   l  ∇   ( k )    ,     σ 0  = π  e 2  /  ( 2 h )     is considered as quantum conductivity. In addition,     τ  0   − 2   = 16  t 2  /  ( 3  3  π  ℏ 2  )    , and


   F  ( β , μ ; k )  = 2  e  β (   E ¯  k  − μ )    n F   (  ξ  k , 1   )   n F   (  ξ  k , 2   )  ,   



(44)






     E ¯  k  =    E  k , 1   +  E  k , 2    2  ,   



(45)




having      E ¯  k  = 0    and     g k  = 0    (without overlap).



Here, Equation (43) represents the calculated longitude optical conductivity     σ  l l    ( ω )     when frequency   ω   is greater than 0 having the temperature     k B  T = 0.025    eV. Figure 5 shows the strain applied result when   θ   is zero. In addition, the longitudinal optical conductivity is analyzed with the help of frequency   ω   and applied polar angle. When    ε = 0 ,    then     σ  l l   /  σ o     is found in isotropic condition because of the applied field angle and maximum frequency. The maximum frequency is split into distinct maxima when the strain modulus turns into non-zero. However, field direction   ϕ   plays a vital role in this phenomena.



In Figure 6, a plot of     σ  l l   /  σ 0     is shown when the strain modulus is    ε = 0.1    and    ϕ = 0 − π / 2   . Relative weight of the shown maxima in the graph depends on their orientation among applied field and strain. Here, the value of   μ   is considered as zero. However, if there is a nonzero value of chemical potential is taken, then the result can be found with vanishing conductivity at    ω = | μ |    having a finite temperature effect.



Figure 7 indicates the strain applied optical conductivity and field orientation ratio considering frequency function.



These figures indicate the strain applied optical conductivity and field orientation ratio considering frequency function. The optical weight also depends on the relative orientation among applied field and strain. The last panel in Figure 7 shows large strain modulus (when    ε = 0.275   ). In that case, there is an indication of the vanishing of optical conductivity as there is a gap is opened in the low energy sector of spectrum, which is indicated as a dark spot in the last part of Figure 7. In Figure 8 longitudinal optical conductivity is observed for different strain direction.




4. Applications of Graphene in Optoelectronics


4.1. Graphene in Mode-Locked Lasers


Due to having excellent electronic and mechanical properties, graphene is being used in micro and nano-chemical based systems such as transparent and thin-film transparent, conductive composites and so many. Mode-locking is a technique in which a saturable absorber (such as a nonlinear optical element) is used for the continuous laser output to ultra-short optical pulses. Semiconductor saturable absorber mirrors (SESAMs) are used generally in the case of mode-locking laser. The use of SESAM is complex in this case as it has complexity in fabrication and packaging [40,41]. This problem can be overcome by using graphene. Graphene has the characteristics of absorbing a good amount of incident light (2.3%) per layer [19]. Thus, comparing with SEASMs, graphene does not require band gap engineering or controlling diameter for achieving device performance. Sun et al. showed the use of an ultrafast mode-locked fiber laser at 1.5 m, which can be used in the field of optical telecommunication. Besides optical communication, these ultra-fast laser sources have various applied fields including basic research to medicine and material processing [42]. Researchers used graphene polymer composites, functionalism graphene such as graphene bonded with poly, reduced graphene oxide flakes, and CVD grown films for ultra-fast lasers [42,43]. In the case of optical communication, the integrated graphene can be placed in a predefined position such as fiber core or cavity mirror. In Figure 9, the integration of graphene is shown. Figure 9a indicates the transfer of integrated graphene into fiber cores. This movement can be done applying a water layer between the poly methyl methacrylate (PMMA)/graphene foil and optical fiber. A micromanipulator (Figure 9b) helps the target to place integrated graphene and the dissolution of the PMMA layer (Figure 9c). The most common strategy for integrating graphene saturable absorber (GSA) for pulse generation is sandwich GSA. In this case, a GSA in placed between two fiber connectors having a fiber adapter as shown in Figure 9d.




4.2. Application of Graphene as Photo-Detector


Photo detecting technology is blessed in the various modern applied fields like video imaging, bio-medical imaging, motion detection optical communication and so on. Due to the maturity of various high performing materials and integration of various technologies, the photo detection platform has become more efficient, secure and speedy compared with the past. Graphene has the property of a varying number of layers by tuning band-gap, which allows detection of light at various wavelengths. As a result, graphene can be used in ultra-fast technologies such as broadband communication, where general semiconductor based devices require strong absorption properties [45]. Graphene plays a vital role in optical communication as the bandwidth of the graphene based photo detector is measured as 262 GHz [46]. High-speed photo-detectors are also found in III–IV (>300) semiconductors, but there is a challenge to integrate with optic and electronic technologies [47]. Graphene has extra advantages characterizing of high speed modulation and detection on the same chip. According to [48], the graphene based photodetector shows outstanding results in detecting incident light as well as polarization on ultra-fast timescales. The performance of graphene based photodiodes, photoconductors and hybrid photo transistors are excellent as they have high photo-conductive gain because of their high mobility. As a result, the high voltage requirement is minimized and can be integrated simply with Si-based focal-plane arrays [49,50]. The photo current generated in graphene due to a photo thermometric effect plays a vital role in graphene based devices. An efficient photo current can be generated that has an electron-hole separation efficiency of more than 30% and an external electric field helps to produce it. Electrode–graphene interfaces can be helpful for zero-drain bias as well as dark current operations by using internal electric field [51].




4.3. Graphene Application in the Optical Modulator


Graphene has the characteristics of linear dispersion conduction and strong inter-band transition. It has excellent properties for photonic and optoelectronic applications. For example, it shows an ultra-fast response in the case of broadband light matter interaction. Using graphene’s Fermi level electrical tuning, the operation bandwidth of the graphene based optical modulator can be achieved as 1 GHz according to the response of electrical circuit [52]. The graphene based optical modulator can be used with gated graphene layer as it has a high refractive index wave guide when a thin oxide layer and Si operates as waveguide serves and gate electrode sequentially [53]. When heading to the application of bias voltage based on wave-guide and shifting of graphene layer, the Fermi energy is found around 0.3 eV, which blocks the inter-band transitions at a 1550 nm wavelength. A graphene based optical modulator can be used to enhance the quality factor as well as the resonance wavelength of cavity. Gan et al. used electro-optic modulation integrated with electrical gated mono-layer graphene to achieve the high performance [54]. Graphene has an extra advantage that it can be grown within a large area, which is very effective for electrically re-configurable devices. Polat et al. [55] used a graphene based optical modulator in which graphene based super capacitor was filled with liquid electrolyte, which shows a self-gating mechanism among graphene electrodes. In addition, the interesting part is that it does not require metallic gate electrodes. Being a very large electric field, the accumulated ions increase the carrier concentration of graphene electrodes. In Figure 10a, electrolyte gating is used to achieve a high level of doping, which confirms 70% absorption adaptability. Figure 10b represents a grapheme-dielectric based gating ring resonator. It shows fast switching at IR frequencies, while electrolyte gating provides slow operation in the visible spectrum. The significance of a wave-guide based optical modulator (Figure 10c) is to demonstrate a strong electro absorption modulation of 0.1 dB  μ  m     − 1     over a wide-band wavelength region [53].




4.4. Application of Graphene in Plasmonics


Graphene shows high quantum efficiency as well as optical nonlinear properties. Graphene can be modified for different types of applications using different ways such as gating, doping, chemical engineering and through conventional plasmonics. Plasmon in graphene provides an advantage over surface plasmon on a metal-dielectric interface by enabling strong confinement of electromagnetic energy at sub-wavelength scales. Graphene has added a new dimension in this field, as it has a linear band structure near the Dirac point. Moreover, the characteristics of graphene based highly doped THz plasmons depends on intra-band transitions of electrons. The surface plasmons (SPs) can also be excited through incident light. Using a high refractive index prism with SPs doped with mono-layer graphene can measure up to 10 THz [58]. Having these enhancement characteristics, THz SPs in graphene may be used in various rising applications like THz lasers, THz metamaterials, THz plasmonic antenna and so on [59]. A graphene mono-layer has the absorption of 2.3% slantwise from infrared (IR) to visible range because of its band arrangement, although this absorption can be changed by electrical gating. Moreover, the transverse magnetic (TM) mode plasmon can be controlled by electro absorption [60]. The highest loss of plasmon was obtained when there was a lower carrier concentration because of the enhancement of intraband absorption. With the help of this plasmonic modulator, more than 60 dB of on or off ratio can be observed. Graphene based plasmon plays a vital role in enhancing the properties of meta-materials. Results showed almost 250% enhancement of transmission at resonant frequency with the coverage of graphene. In addition, graphene can have an effect on meta-materials absorption and reflection properties at a specific frequency [59]. Raman spectroscopy can be used to analyze the structure of graphene, as it is a powerful technique that provides detailed information of the structure of a molecule. Microanalysis of different molecules can have an enlarge effect apart from graphene substrate, which is known as widely graphene enhanced Raman scattering (GERS). However, the enhancement effect is not strong enough, but due to the combination of graphene and metal nano particles, the effect can be improved [61,62].




4.5. Application of Graphene in Photonics


Graphene’s use in the field of photonics is growing. Because of its speedy performance, it has been considered for designing IC [63,64]. The photonic devices that are made using graphene show amazing reliable and speedy performance [65,66,67]. The absorption properties of graphene-related materials are also good. It can absorb only a small amount of the incident light (2–3%), and this absorption is almost the same for visible and UV light (universal optical conductivity) due to strong interaction between electrons and holes that form saddle point exciton and energy red shift [68,69,70,71,72]. As shown in Figure 11, the importance of using graphene in photonics is shown. The graphene plasmon can interact with polar insulator like substrates that are commonly used in SiO    2   . In this type, the surface photons generate a fluctuating electric field and it extends above the surface. As a result, hybrid modes of collective electrons (plasmon) and ionic lattice (phonon) excitation are generated [73,74]. This is used because of its excellent performance comparing silicon as well as (III–V) semiconductors. Its high conductivity is recorded as 36 times greater than Si and 100 times greater than GaAs. In addition, it has a superior optical threshold compared to Si and GaAs [75].




4.6. Application of Graphene in Optics


The optical communication system is going to a new high performing stage integrating silicon-based chips and designs with the help of graphene [76]. It is said that the leaders among blocks of photonic systems are optical modulators and photodetectors [11,77,78]. Graphene has a lot of applications in the field of optics. Graphene material, especially graphene nano-sheets, has applications in the field of synthesis, hybrids, molecular engineering, thin film, energy, etc. Nowadays, hybrid nano-structures contain at least one graphene nano-sheet (GN) and it has the properties of synergy that is induced by different nano scale objects. Mullen et al. [79] developed a bottom up approach to produce nano-sheets related to GN, which is shown in Figure 12.




4.7. Applications of Graphene in Sensing


Graphene is used in the sensing sector because of its excellent mechanical properties. which makes it easy for the fabrication process in nano electro mechanical system (NEMS) devices. Graphene can express its sensitiveness to operate in more than 150 MHz [81]. Table 1 shows some sensing related properties from which the use of graphene in sensing related fields is assumed [81].



As graphene has a zero band gap, it shows electric field effects. For this reason, charge that carries properties faces low effects though there is high temperature and a high concentration of electrons and holes [1,82,83]. Graphene can use the sensing application in the field of a transparent conductive field, clean energy devices, graphene–polymer nanocomposites, etc. Moreover, it can be applied to detect the oligonucleotides (single-stranded DNA, molecular beacons, and aptamers), proteins (thrombin), heavy metal ions (Ag), and pathogen (rota virus) [84,85,86,87]. Graphene materials also show electrochemical properties. In addition, it can be used to the detection of bio-macro molecules (DNA, hemoglobin, and   α  -fetoprotein), enzymes (horseradish peroxide and glucose oxidant), and small molecules (hydrogen peroxide,   β  -nicotinamide, adenine dinucleotide, dopamine and glucose) [88,89]. The electronic properties of it largely depend on chemical and atomic structures. In addition, the graphene material GO has optical properties of photoluminescence (PL) [90]. According to researchers, this property is useful for biosensing, fluorescence tags, and opto electronics applications [6,7,91,92]. Moreover, GO shows the characteristics of electron transfer due to its different electrical properties [93,94]. Electronic properties like conductivity of GO depends on atomic as well as chemical structure. Figure 13 represents the conductivity with respect to sp    2    fraction. Here a structural disorder of GO is observed because of the presence of a substantial carbon fraction. The two materials graphene and polycrystalline (PC) graphite used in this figure, are 100% sp    2    materials. Therefore, there are many application areas of graphene in sensing. Some of them are electro catalysts, electro-chemiluminescence, electrochemical gas sensors, electrochemical bio-sensors, electrochemical immunosensors, and electro-chemical DNA sensors. Graphene based material such as GO shows excellent optical properties as it shows the characteristics of a wide range of wavelengths ranging from near-infrared to ultraviolet [91]. Besides having been used in optical imaging, it is being used for quenching fluorescence. For having this excellent characteristics, GO can be used as an acceptor of fluorescence resonance energy transfer (FRET) as well as an energy donor. Graphene based sensors can also be used for sensitive fluorescent detection such as Pb     2 +     [95]. Furthermore, graphene based gold nanoparticles was used to detect Pb     2 +     in an aqueous solution [96].




4.8. Applications of Graphene in Mid-Infrared (MIR) Photonics


In the case of the plasmonic effect, graphene shows poor performance in visible wavelengths as well as near-IR. However, effective performance is found in MIR wavelengths [98]. Graphene can be useful for tunable MIR plasmonic related applied fields because some graphene related nano-structures like nano-disks or nano-ribbons can be helpful for electrostatic or chemical doping due to their low carrier concentration [99]. Wei et al. developed a pulsed laser operation that was mainly based on graphene, and it can operate at a wavelength close to 3 mm [100]. A group of researchers detects label-free protein mono-layers by using high sensitivity MIR plasmonic biosensor [101]. Photo-conductivity performance in graphene based material has been observed at different wavelengths. A research group found a wave-guide photodetector on a silicon-on-insulator (SOI) operating from a visible to MIR range [102]. High responsivity was found by them in the MIR (2.75 mm wavelength) range, and even the photonic energies are less compared with the Fermi level of p-doped graphene. According to this result, the graphene photo-detector has an MIR capability for optical detection in wavelengths. A graphene-on-silicon plasmonic-photonic Complementary metal–oxide–semiconductor (CMOS) compatible design was presented by Xiao et al. [103]. Results exhibited strong excitation of Graphene surface plasmon (GSP) by using a suspended membrane slot wave-guide. This design is helpful for inspecting an interaction process with the help of a wave-guides transmission spectrum, which can be applicable for the development of on chip electro-optical devices.





5. Applications of Graphene in Different Emerging Fields


5.1. Application of Graphene in Medical Science


This heavily-hyped material has the potential energy to rebirth our lives. It shows amazing performance in its miniature size. It is very helpful for various bio-medical related fields like cancer therapies, cancer detection, drug delivery, etc. Because of its unique properties like large surface area, having good chemical stability, and bio-compatibility, it has gained the attention of researchers. The distribution of size in graphene sheets indicates that it can vary from the nanometer to micrometer range. During the production of GO oxide, it shows the characteristics of different levels of impurities and dispensation. The details of application areas of graphene in medical fields are summarized in Table 2.



5.1.1. Graphene in Tissue Engineering


Kim et al. presented a model, which is useful for the tissue engineering. The effects of GO on various types of cells, and the effectiveness of GO for increasing the strength of bones is explained [116]. Graphene and its oxide can be used in different types of medical therapy. Pristine has the characteristics of cellular toxicity as macro-phage cells can be easily averted by surface functionalization [117]. Graphene has anti microbial applications. Different types of graphene-related materials, for example reduced graphene oxide (rGO), which has various types of effects on the bacterial model [118]. This research has given the bio-medical field a new dimension.




5.1.2. Graphene in Cancer Cell Detection


In medical diagnostic and therapeutic cases, graphene is used widely. It can work as direct cell detection. It used for both detecting cancer cells and the detection of rare pathological bacteria and pathogen [119,120]. In addition, graphene-based materials have excellent optical and electrochemical properties. It is used for constructing various types of cell-related bio-devices, which has good sensitivity [121]. These devices that are related to graphene have opened up a new dimension in the bio-medical field, with its eminent sensitive properties [107,122]. Sometimes, graphene is also used in cancer therapy. It can be used in the loading of chemotherapy drugs, vitro cancer cell targeting such as antibodies, peptide and folate acid, which shows good results under near-infrared light [6,123,124].





5.2. Other Graphene Applications


5.2.1. Application of Graphene in LED


For optical devices like LED fabrication, graphene is used because of its interaction with lattice giveing rise to new quasi particles. However, this phenomenon can happen at low energy with an effective speed of light (   10 6    m     − 1    s     − 1    ). These electrons’ wave of the lattice has never failed to attract attention [125]. Graphene has applications in the field of electrodes in electrical and optical devices. This promising next generation material can replace the traditional material as it shows various electrical and mechanical characteristics. These high energetic optical properties are very effective in the use of LED related platforms as well as emerging revolution in the touch screen platform.



Optoelectronic based devices have gained much popularity and using widely. Various types of materials are used for the optoelectronic based devices. Among them, indium tin oxide (ITO) and fluorine tin oxide (FTO) are the most popular [126]. However, graphene can show better results than ITO or FTO. The experimental results are shown in Figure 9. Several research groups have reported that graphene has low sheet resistance and high transmittance to use them as transparent electrodes [127,128,129,130,131,132]. The opto-electric properties of graphene mainly depend on two significant considerations. One of them is sheet resistance, which deals the varying properties of sheets having various resistance. In addition, the other is light transmission, mainly the visible range. The aspect is that these two parameters have their own requirements. These properties can be changed to its desired values individually by changing the thickness of the graphene film. In touch screens, LEDs, and LCDs are now using graphene because of its mesmerizing characteristics. A graphene based touch screen can almost handle twin strains compared to conventional devices. Researchers have shown that the performance of prepared LCD using thermally thick GO has better results compared to traditional ITO-based devices [133]. In addition, graphene based LED has better performance compared to the featured ITO-based electrodes. Current ITO layers are superior to them in terms of electrical conductivity and transparency. However, flexibility can be introduced into transparent electrodes by incorporating graphene.



In the characteristics of transmittance, graphene shows tremendous results compared to ITO and FTO, which is shown in Figure 14. The experiment was done using a 1000 nm wavelength, having ca. 10 nm thickness. It shows the transmittance rate of 70.7% and the rate is lower than FTO, which has 82.4%. Almost having the same environment, the rate for ITO is recorded as 90%. The interesting part is that FTO and ITO show a strong absorption rate in near and short-wavelength (near 0.75 to 1.4   μ  m, 1.4 to 3   μ  m ). However, graphene stays transparent from the visible to MIR wavelength range [134].




5.2.2. Graphene in Solar Cells


The solar cell can work efficiently if it has the characteristics of high charge mobility and transport of holes or electrons through the materials. Graphene can be used in the solar cell as it includes those characteristics including high charge mobility as well as powerful light absorption capability [135,136], and increasing the number of graphene layers absorbs more power. In the organic solar cells, there is also the usage of graphene [134,137]. As window electrodes in the organic solar cell, graphene-based film of large poly-cyclic aromatic hydrocarbons was also employed. Arco et al. established high stretchy organic solar cell applying graphene electrodes [138]. Research shows that thermally reduced graphene has a transparency of 70% and conductivity of 550 S cm     − 1    . Having this result, graphene is used in dye-sensitized solar cells as window electrodes. Due to the use of graphene in solar cells, some excellent results are recorded as photo-current density (short-circuit) 1.01 mA cm     − 1    , voltage (open-circuit) 0.7 V, fill factor 0.36, and efficiency of power conversion is 0.26% [139].




5.2.3. Graphene as Field Effect Transistor (FET)


Graphene has a thin barrier that is used to inject charge. As a result, it has less resistance, which is helpful for activating channels in the optical field effect transistor (OFET). Graphene also can be used in molecular electronic devices as one of the most studied molecular junctions in the solid state device platform. In Figure 15a, a charging and discharging graph is shown. Figure 15b represents a peak variation due to various resistance. It is said that this property is helpful for analysis if industrial electro-optical related devices are used [140]. Research shows that the use of graphene material in BioFET has an impacts on certain molecules as micro molar sensitivity. It secures the advantages that there should not be a blockage for sensing related mechanisms [140].



In Figure 16, the optical properties based on gate are demonstrated. When the charge neutral point is +33, it indicates that the graphene is highly P-type. The transmission also depends on wavelength. The interference is measured from the silicon waveguide, just before the graphene layers are transferred. The wave-guide observed here has a high extinction ratio (>40 dB), having low optical loss (<0.1 dB). Moreover, the interference is calculated by applying different gate voltages. Results imply that the extinction ratio increased or decreased with the range of +40 V to −40 V. In addition, the excitation ratio and absorption coefficient in different gate voltages are presented. It is observed that the absorption coefficient can be modulated from 0.2 dB/  μ  m having     V g  = + 33    V to 0.15 dB/  μ  m when     V g  = − 40    V. Moreover, the modulation depth of transmittance is found 64% [141].




5.2.4. Graphene in Fuel Cells


In the electrochemical chamber of a fuel cell, a chemical reaction like oxidation occurs to generate electricity. Graphene in that fuel chamber has a low impact on environment as it is an environmentally friendly high performing material [142].






6. Prospects and Aspects of Graphene


Graphene is well-known as a next generation material with many prospects and aspects for future development in the world. In addition, it is a tremendously diverse and attractive material in numerous aspects. Its research area is expanding quickly in the field of aeronautics, space research technology, clean energy, photo-catalysis, genetic engineering, intra-cellular imaging, amazing display technology, infrared imaging and so on [19,143]. Despite having so many features, graphene has some negative aspects. Researchers found that a negative Poisson’s ratio has an impact on room temperature [144]. It shows negative refraction in plasmon lensing [145]. Some nano composite fluids have malfunctioned due to graphene-related materials [146]. Therefore, a large number of fields include the applications of graphene from different perspectives. The properties of graphene are currently beyond imagination as many of its amazing characteristics are being incorporated day by day.




7. Conclusions


This 2D material has gained the focus of researchers since its appearance with its unique properties. In this review, the characteristics and applications of graphene and graphene-based materials in different fields like photonics, plasmonics, mode-locked lasers, optical modulators, photo-detectors, LED, medical diagnostic, optics, sensing, etc. are presented. The research and development of graphene-based devices are increasing rapidly. However, the research is still in the improvement phase and a large amount of work is required to appreciate graphene’s scientific prospects. It can be said that the applications in different fields can be quite competitive. Numerous other applications of graphene will be determined in the coming years, and achieving this will require continual, frequent, multidisciplinary research attempt and adequate financial support. Research on graphene is just beginning to ramp up, and this should bring up new phenomena.
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Figure 1. Conductivity calculation using different temperatures. The left part is imaginary and the right one is the real part. In addition, the density of carrier     n 0  =  10 10     cm     − 2     is considered. The experimental results are obtained using different temperatures, which is shown in these figures. Reprinted with permission from [25]. Copyright (2008) Journal of Physics: Conference Series, IOP Publishing. 
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Figure 2. Observation of chemical potential and wave scattering. (a) a ration of chemical potential and temperature; (b) wave scattering using multiple layers. Reprinted with permission from [25]. Copyright (2008) Journal of Physics: Conference Series, IOP Publishing. 
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Figure 3. Reverse saturation absorption. Normalized transient transmittance spectra is shown for sub-GOx dispersed in chloro-benzene when the wavelength of pump is 532 nm. In addition, the value of pump fluence is considered as 90 mJ/cm    2   . Reprinted with permission from [10]. Copyright (2012) Chinese Science Bulletin. 
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Figure 4. The red color shows the stained and the blue color presents the unstained honeycomb lattice where the value of   θ   is    π / 4   . Reprinted with permission from [38]. Copyright (2010) American Physical Society. 
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Figure 5. Plotting of longitudinal-optical conductivity when frequency    ω > 0   . Other parameters are kept as    μ = 0    and     k B  T = 0.025    eV. The applied strain angle is 0. In addition, the strain modulus increases from left to right and top to bottom. (a) at strain modulus E = 0, the optical conductivity exhibits its maximum limit in the applied field angle; (b) the optical conductivity started splitting when strain modulus becomes non-zero; here, the strain modulus is considered as, E = 0.075; (c) increased optical conductivity with the increased strain modulus; here, the strain modulus is E = 0.175; (d) optical conductivity at strain modulus E = 0.275. Reprinted with permission from [38]. Copyright (2010) American Physical Society. 
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Figure 6. Longitudinal optical conductivity when strain modulus    ε = 0.1   . Here, different lines represent the orientation variation of different electric fields (   ϕ = 0 , π / 4 , π / 2   ). Reprinted with permission from [38]. Copyright (2010) American Physical Society. 
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Figure 7. Almost similar to Figure 5, variation is observed because the strain applied field is    θ = π / 6   . Reprinted with permission from [38]. Copyright (2010) American Physical Society. 
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Figure 8. Similar to Figure 6, but the applied strain direction is    θ = π / 6   . Reprinted with permission from [38]. Copyright (2010) American Physical Society. 
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Figure 9. Integration of graphene in fiber laser. (a) an optical fiber is placed in a holder when the graphene is detached from the substrate, graphene is aligned with the fiber; (b) flake deposited on Si/SiO    2   ; (c) same flake after polymer dissolution; (d) ultra-fast mode-locked laser having graphene saturable absorber (SA), erbium-doped fiber (EDF), laser diode (LD), wavelength-division multiplexer (WDM), isolator (ISO) and polarization controller (PC). Reprinted with permission from [44]. Copyright (2010) Nature Publishing Group. 
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Figure 10. A wave-guide based optical modulator. (a) graphene is integrated on silicon wave-guide.; (b) graphene is integrated on ring resonator; (c) graphene is integrated on fiber optic wave guide. Reprinted with permission from [53,56,57]. Copyright (2015, 2011) Nature Publishing Group. 
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Figure 11. Performance observation of a graphene modulator having a double layer. Using a 1.537   μ  m wavelength and 40   μ  m long device, the modulation depth can be around 6.5 dB (a) transmission of photons with respect to voltage; (b) photons for different regions, green and red indicate unoccupied and occupied region. Reprinted with permission from [13]. Copyright (2012) American Chemical Society. 
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Figure 12. GN nanosheets analysis (a) SEM; (b) TEM images at different temperature. Reprinted with permission from [80]. Copyright (2010) Wiley Online Library. 
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Figure 13. Observing the conductivity of doping in GO. Conductivity of thermally reduced GO acting like sp    2    carbon division. The dashed line in the vertical direction shows the percolation threshold of sp    2    fraction of 0.6. Reprinted with permission from [97]. Copyright (2012) American Chemical Society. 
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Figure 14. Transmittance comparison with respect to wavelength. Comparisons among ITO, FTO and graphene are shown. ITO, FTO, and graphene are marked by blue, black, and red, respectively. Reprinted with permission from [134]. Copyright (2008) American Chemical Society. 
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Figure 15. (a) representation of a functionalized graphene Bio-FET and binding of charge target molecule; (b) the binding of the molecules alter graphene Fermi level. As a result, the Dirac point is shifted and thus a modification is observed in the calculated resistance. Reprinted with permission from [140]. Copyright (2012) American Chemical Society. 
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Figure 16. Optical properties based on gate (a) resistance of source drain of a graphene and applied gate voltage performance; (b) the characteristics based on normalized transmission and wavelength; (c) measurement of interference after applied different gate voltage; (d) obtaining the excitation ratio in different gate voltage; (e) analyzing the absorption coefficient. Reprinted with permission from [141]. Copyright (2012) American Chemical Society. 
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Table 1. Sensing properties of graphene.
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	Properties
	Specific Value





	Mobility of Electron
	>15,000 cm    2   V     − 1    s     − 1    



	Carrier Density
	10     13     cm     − 2    



	Thermal Conductivity
	(4.84 ± 0.44) ×     10 3     to     ( 5.30 ± 0.48 )  ×  10 3     W m     − 1     k     − 1    



	2D Elastic Shiftiness
	340 N m     − 1    



	2D Density
	7.4    ×  10  − 19      kg  μ  m     − 2    



	Area/unit mass
	2600 m    2   g     − 1    



	Young’s Modulus
	1 Tpa



	Breaking Strength
	42 N m     − 1    



	Breaking Strain
	25%



	Spectrum of Optical Absorption
	Peak 270 nm
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Table 2. Application area of graphene/GO.
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	Material
	Applications
	Function
	Reference





	GO
	Human Thrombin Aptamer
	Sensing bio-molecule
	[85]



	GO
	
	Sensing glucose with high sensitivity
	[104]



	GO
	Single-stranded DNA(ssDNA)
	Bio-molecules sensing(Energy transfer)
	[8]



	Graphene
	Human Thrombin Aptamer
	Detection of thrombin
	[86]



	GO
	ssDNA
	Fluorescent sensing
	[105]



	Graphene
	Hairpin DNA (hpDNA)
	Discovering DNA sequence and SNP
	[106]



	GO
	Lysine
	Clinical operations
	[107]



	GO Electrode
	Human Thrombin Aptamer
	Thrombin detecting biosensor
	[108]



	GO Electrode
	Aptamer
	Chemical labeling of DNA sequence
	[109]



	GO
	ssDNA
	Bio-sensing
	[110]



	GO
	hpDNA
	DNA exonuclease activity
	[111]



	Graphene Electrode
	
	Tissue engineering
	[112]



	GO electrode
	
	Immobilization of myoglobin
	[113]



	Graphene electrode
	
	Electrochemical detection of epinephrine
	[114]



	Graphene electrode
	1411 Aptamer
	Label-free detection of cancer cells
	[115]











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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