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Abstract

:

Graphite has been widely used by humans for a large part of their history. Nevertheless, it has only recently been possible to isolate its basic unit: carbon atoms arranged in a honeycomb structure on a single plane, namely graphene. Since its discovery, many techniques have been developed and improved to properly synthesize graphene and its derivatives which are part of the novel class of two-dimensional materials. These advanced materials have imposed themselves in nanotechnology thanks to some outstanding physical properties due to their reduced dimensions. In the case of graphene, its reduced dimension gives rise to a high electrical mobility, a large thermal conductivity, a high mechanical resistance, and a large optical transparency. Therefore, such aspect is of great scientific interest for both basic and applied research, ranging from theoretical physics to surface chemistry and applied solid state physics. The connection between all these fields is guaranteed by spectroscopy and especially by Raman spectroscopy which provides a lot of information about structural and electronic features of graphene. In this review, the authors present a systematized collection of the most important physical insights on the fundamental electronic and vibrational properties of graphene, their connection with basic optical and Raman spectroscopy, and a brief overview of main synthesis methods.
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1. Introduction


First observed in 2004 [1], graphene has rapidly established a key role in the branch of material science which concerns the investigation of nanomaterials [2]. Its outstanding electrical and thermal transport performance, wide optical transparency, and high mechanical resistance combined with structural flexibility make graphene an interesting material for several applications [3,4,5]. Some remarkable examples are solar cells and flexible capacitive systems [3,6,7,8,9], field effect, radio-frequency, and vertical THz transistors [10,11,12], and volatile memories [13]. Moreover, the discovery of graphene represented a real turning point also for basic sciences, having unveiled the existence of two-dimensional materials. According to IUPAC, graphene is defined as a single layer of graphite which is one of the main macroscopic allotropes of carbon [14]. As depicted in Figure 1a, graphene can be described as a polycyclic aromatic hydrocarbon molecule of quasi-infinite extension [14]. In particular, graphene is ideally composed by only carbon atoms arranged in a honeycomb structure that is a hexagonal lattice extending in a single sheet of atoms. Therefore, the key feature of this material consists of a two-dimensional structure which, as described below, is at the basis of the extraordinary properties of graphene. Since its on plane extension can be very large compared to its nanometric thickness (the lateral size of graphene can easily overcome the thickness by more than three orders of magnitude), graphene cannot be properly considered neither a large molecule, nor a bulk material, but it falls into the large family of nanomaterials similarly to all other two-dimensional materials. Even if the nomenclature of nano-size world is not yet well defined, nanomaterials are those materials in which at least one external or internal dimension is on the scale of nanometer [15,16].



In addition to this fundamental property, nanomaterials are classified according to various factors: constituent elements, characteristic dimensionality, and elementary or composite structure [15,16,17]. The categories in which graphene can be included are:




	Carbon-Based Nanomaterials 

	
concerning materials almost entirely composed by carbon or in which this element plays a key role in the definition of their properties. Some notable examples are graphene, fullerenes, carbon nanotubes, and carbon nanoparticles [17,18].




	Low-Dimensional Materials 

	
concerning materials whose nanometric scale implies a reduced dimensionality (that is the presence of at least one dimension which is much smaller to the other ones), which gives rise to some peculiar properties. Therefore, beyond a classic three-dimensional material, two-, one-, and zero-dimensional nanomaterials can be found [15,16].









For the latter class, it is important to notice that the limited dimensionality of the materials is not just a fancy feature, but a fundamental aspect which implies peculiar behaviors and properties for nanomaterials which are unknown for the macroscopic case [19]. Basing on the cited examples, every possible low-dimensional system is well represented by some carbon-based nanomaterials. The capability of carbon to assemble itself in so different structures derives from different number and structure of possible bonds which feature this element. Accordingly, the investigation of carbon electronic structure is the starting point to understand the structure, the properties of carbon-based nanomaterials, and in particular, of graphene.



The most important features of graphene are already reported in a plethora of review articles well focused on a specific subject [3,20,21,22,23,24,25]. Nevertheless, the authors aim to provide herein a systematized presentation of selected topics, in order to lead the reader from the fundamentals of carbon chemistry to the most important features of the electronic, optical and vibrational properties of graphene. In particular, an entire section is dedicated to the application of Raman spectroscopy in the investigation of several structural and electronic features of graphene. Therefore, the present review starts from a discussion of the basic chemical properties of carbon which determine various carbon-based nanomaterials, as well as their different structural features (Section 2). After that, a detailed description of the electronic band structure of graphene is given (Section 3) according to the tight-binding method described by Saitio et al. [26]. On the basis of this information, the optical properties of graphene are discussed (Section 4) by systematizing information collected in a former review by Mark et al. [22]. Thence, the discussion concerns the vibrational properties of graphene (Section 5), with particular attention to Raman scattering processes occurring in this material. In addition, a detailed section is dedicated to all the main factors which influence the Raman spectrum of graphene (Section 6). Thus, the review is completed by a brief discussion of the most common methods of synthesis currently used (Section 7).




2. Carbon


Carbon is one of the most abundant elements on Earth, and since it is at the basis of organic compounds, the known biology is based on it [27]. Its chemical fortune is due to a peculiar propensity to allotropy. In fact, carbon shows a peculiar variability in bonding both in bulk material and in molecular structures (from two to four bonds with other atoms can subsist, of single, double or triple order), thus determining many possible compounds and molecular species based on this element [28,29]. Carbon is the sixth chemical element of the periodic table, featured by atomic number 6, and its electronic configuration is thereby with four electrons available to form covalent chemical bonds. The electronic configuration of carbon at the ground state, whose energy distribution is reported in Figure 2a, is (1s2)2s22p2 [30]. Valence electrons are thereby placed in the 2s orbitals and in the degenerate 2p orbitals. Since only these electrons can be shared with other atomic species, a maximum of four electrons are theoretically available to form covalent chemical bonds [31]. By also considering the excited state, in which one electron is promoted from 2s atomic orbital to the last free 2p orbital (Figure 2b) only two or four electrons seem to be available for bonds. However, this prediction proves wrong, by contrasting the experimental evidence both in bond number and in incorrect orientations. Therefore, the bare atomic orbitals obtained for hydrogen result inadequate for a valid description of carbon bonds.



A better description is obtained by considering the presence of hybrid orbitals for valence electrons of carbon [18,29]. These orbitals are defined as combination of several simple atomic orbitals whose mixing is enabled by the slight energy difference between them [31,32]. As depicted in Figure 2c, three possible schemes are compatible with the electronic configuration of carbon [30,31]:




	sp hybridization 

	
which involves the 2s orbital and a single 2p orbital (Figure 3a). The resulting two hybrid orbitals are placed at intermediate energy (Figure 3b), are characterized by asymmetric lobes (due to the 2p contribution), and aligned on a single axis, thus assuming a linear geometry (Figure 3c). In the formation of molecular bonds, the sp orbitals contribute to the formation of a triple bond together with two remaining 2p orbitals, as in ethyne molecule. In this case, two carbon atoms share the electron of one sp orbital to form one σ bond and the electrons of both the remaining 2p orbitals to form a π bonds (Figure 3d).




	sp2 hybridization 

	
which involves the 2s orbital and two 2p orbitals (Figure 4a). As in the previous case, the three hybrid orbitals are placed at intermediate energy (Figure 4b), are characterized by asymmetric lobes (due to the 2p contribution), but are now arranged along three different axes, thus assuming a planar triangular geometry (Figure 4c). In the formation of molecular bonds, the sp2 orbitals contribute to the formation of a double bond together with the only remaining 2p orbital, as in ethene molecule. In this case, the two carbon atoms share one electron of one sp2 orbital so as to form a σ bond and the electron of the remaining 2p orbital for the formation of a π bond (Figure 4d). A notable case is benzene molecule whereby three π bonds give rise to a delocalized orbital all around the carbon hexagon. Such a feature is relevant for electron transport in carbon systems.




	sp3 hybridization 

	
which involves the 2s orbital and all the 2p orbitals (Figure 5a). As in the previous case, the three hybrid orbitals are placed at intermediate energy (Figure 5b), are characterized by asymmetric lobes (due to the 2p contribution), but are now arranged along four different axes, thus assuming a tetrahedral geometry (Figure 5c). In the formation of molecular bonds, the sp3 orbitals contribute to the formation of single bonds, as in ethane molecule. In this case, the two carbon atoms share only the electron of one sp3 orbital to form a σ bond (Figure 5d).









Allotropes of Carbon


Between the discussed hybridization schemes, only sp2 and sp3 contribute to the various structures of carbon materials. Nevertheless, the chance to assume two possible bond schemes is sufficient to determine the presence of carbon allotropes. In this section, the macroscopic allotropes of carbon are briefly discussed, as case study of carbon and introduction to the more various case of nanomaterials is given emphasizing, in particular, the role of carbon orbital hybridization in the definition of the various structures. The two main forms assumed by carbon in the macroscopic scale are the well-known diamond, and graphite [28,29], both depicted in Figure 6. Diamond is composed by carbon atoms featuring sp3 hybridization and, in accordance with the bond geometry for this hybridization, carbon atoms are arranged in a three-dimensional tetrahedral lattice (Figure 6a). On the other hand, graphite is composed by carbon atoms in sp2 hybridization, which are arranged in various two-dimensional hexagonal lattices. The latter stacked one upon the other by weak van der Waals interactions (Figure 6b). From this perspective, graphite is nothing more than a quasi-infinite stacking of graphene layers [2]. It is impressive that in spite of the same composition (namely only constituted by carbon), this two materials show completely opposed properties which, as a consequence, result exclusively from the different hybridization of carbon atoms, and the consequent different structure which it gives rise. Diamond has very high hardness, whereas graphite is quite fragile, due to the weak bond between the single layers of which it is made. Moreover, graphite is an electrical conductor, whereas diamond, featured by a bandgap equal to 5.5 eV is an insulator. As a consequence, diamond is transparent at the visible light, whereas graphite has a flat absorption spectrum, which makes it black.



Heading down to the nanoscale world, much more carbon-based structures can be found, whose properties are related not only to the various hybridization, but also to the limitation of space dimension. As previously noticed, the main carbon-based nanomaterials are, in order of discovery, fullerene (Figure 7a), carbon nanotubes (Figure 7b), and graphene (Figure 7c). Fullerene is a 0D carbon system constituted by a single shell of carbon atoms arranged in a sphere-like surface according to an ordinate polyhedral structure. For example, for the most abundant kind of fullerene, namely C60, the atom structure corresponds to a truncated icosahedron [33]. In general, various types of fullerene are obtained on varying the mixed contribution of sp2 and sp3 hybrid orbitals, with a further amount of the first one with increasing of fullerene size [2]. In particular, by considering ever larger fullerenes, their surface approaches a planar geometry, and as their diameter approaches infinity, a perfect 2D system surface is obtained which actually corresponds to graphene.



As mentioned in the previous section, graphene is a single layer of graphite sheet, and only sp2 hybridization is featured [2]. In the case of fullerenes, the contribution of sp3 hybridization limits the delocalization of electrons on the entire surface [33]. On the contrary, the complete predominance of sp2 hybridization in graphene allows the formation of continuous delocalized molecular orbital deriving by π bonds, similar to the case of benzene previously reported [34,35]. As discussed in the following section, this feature is fundamental for the peculiar electrical behavior of graphene.



Finally, carbon nanotubes can be figured in the midway between fullerene and graphene. In this case, carbon atoms are arranged on a cylindrical surface, with length infinitely larger than the diameter [2,36]. As for fullerene, carbon nanotubes are characterized by a mixed contribution of sp2 and sp3 hybrid orbitals which determines their electronic properties ranging from semiconductor to metal [36]. On the other hand, as in the case of graphene, because of the large contribution of sp2 hybridization, delocalized orbitals can also occur, depending on the specific structure of the carbon nanotube [36]. As shown, the particular structure assumed by carbon atoms in various nanomaterials strongly affects the distribution of electron orbitals and the electrical behavior of carbon nanomaterial.





3. Electronic Structure


3.1. Energy Bands


The band structure of graphene can be derived by various methods, such as Density Functional Theory [37], pseudo-potential [38], and tight-binding method [23,26,39]. The latter method, in spite of its simplicity, provides a useful description of the contribution of π and σ orbitals in the electronic structure, and in particular in the electron transport of graphene.



A simple way to reconstruct the total wavefunction of a poly-atomic system (both for molecules and solids) is to use a Linear Combination of Atomic Orbitals (LCAO) of each single atom [30,40]. Herein, the tight-binding approximation consists of the assumption that the influence of each atom on the other is small, and therefore the atomic orbitals of free atoms can be used for their total energy determination [30,40]. In accordance with the Bloch’s theorem, the wavefunction  Φ  of an electron subjected to a periodic potential (as in the case of crystals) does not depend on translations along the lattice vectors   a i   and must thereby be expressed in the form of Bloch’s function, that is as the product of a planewave of wavevector k and a lattice-periodic function [30]:


  ψ  ( k , r )  =  e  i k · r   ϕ  ( r )  ,  with  ϕ  ( r )  = ϕ  ( r − R )  .  



(1)







In a crystal with n atoms in its unit cell, n Bloch functions can be used as eigenstates basis and the wavefunction of the i-th atom is given by


   Φ i   ( k , r )  =  1  N    ∑  R  N   e  i k · R    ϕ i   ( r − R )    ( i = 1 , ⋯ , n )  ,  



(2)




where the summation is taken over the positions of the atom  R  in the unit cell, for the (N ~ 1024) unit cells of the crystal, and   ϕ i   are atomic orbitals for the i-th state. Therefore, any wavefunction can be expressed in terms of such set of functions:


   Ψ i   ( k , r )  =  ∑  j = 1  n   c  i j    ( k )   Φ j   ( k , r )   ,  



(3)




where   c  i j    are the coefficients of vector decomposition. Given the Hamiltonian  H  of the solid system, the solution of the Schrödinger’s equation for the wavefunction   Ψ i   is


  H  Ψ i  = E  Ψ i  .  



(4)







Herein, the i-th eigenvalue of Hamiltonian    E i   ( k )   ( i = 1 , ⋯ , n )    for a given  k  is obtained by solving the secular equation


   H −  E i   ( k )  S  = 0 .  



(5)




where the integrals over the Bloch’s orbitals  H  and  S  are called transfer integral and overlap integral matrices, respectively, and their elements are defined as


     H  j k      =  〈   Φ j   | H |   Φ k   〉      



(6)






     S  j k      =  〈   Φ j   |   Φ k   〉   ( j , k = 1 , ⋯ , n ) .     



(7)







In particular, since Equation (5) is an equation of degree n, its solutions will give the n eigenvalues of energy, i.e., the energy dispersion relations (or energy bands)    E i   ( k )   .



The first aspect to consider is the crystalline structure of the material to describe the electronic structure of graphene. As previously discussed, graphene is composed by carbon atoms arranged in a hexagonal structure. As shown in Figure 8, this structure is equivalent to the composition of two hexagonal Bravais lattices, marked by A and B [23,30]. The position of each carbon atom in the space can be decomposed in terms of an opportune basis as   R = m  a 1  + n  a 2    where m and n are two integers, and   a 1   and   a 2   are the lattice vectors defined as


   a 1  = a   3 2  ,   3  2    ,   a 2  = a   3 2  , −   3  2    



(8)




in terms of their   ( x , y )   coordinates, and   a =   1.42 Å is the lattice constant of graphene expressed in terms of the C-C bond length. These vectors also define the primitive cell of graphene lattice which, because of the composition of the two sub-lattices, includes two carbon atoms [23]. In addition, with reference to each carbon atom, the positions of first-nearest neighbors (belonging to the other sub-lattice) are given by the vectors


   δ 1  = a   1 2  ,   3  2     δ 2  = a   1 2  , −   3  2     δ 3  = a ( − 1 , 0 ) ,  



(9)




whereas the six second-nearest neighbors (belonging to the same sub-lattice) are placed at [23]


    δ   ± 1    ′   = ±  a 1   ,    δ   ± 2    ′   = ±  a 2   ,    δ   ± 3    ′   = ±  (  a 2  −  a 1  )   .  



(10)




The vectors   b 1   and   b 2   describing the reciprocal lattice of graphene, defined as    a i  ·  b j  = 2 π  δ  i j     are then [30]


   b 1  =   2 π   3 a    1 ,  3    ,   b 2  =   2 π   3 a    1 , −  3   ,  



(11)




The most important region in the reciprocal space is the first Brillouin zone, since the remaining space is a periodical copy of this basic zone. In particular, notable points of Brillouin zone are the high-symmetry points  Γ ,  K ,    K  ′  , and  M , which are placed at the center of the first Brillouin zone, at its corners and at the center of its sides, respectively. These points are given in terms of   (  k x  ,  k y  )   coordinates by [23]


  Γ =  0 , 0   ,  M =    2 π   3 a   , 0   ,  K =    2 π   3 a   ,   2 π   3  3  a     ,    K  ′  =    2 π   3 a   , −   2 π   3  3  a     .  



(12)







Due to the periodicity of atoms in a crystal lattice, the entire discussion of the electronic structure can be restricted to the couple of atoms included in the unit cell of graphene. Since different bands can be derived by considering the π or the σ orbitals of both carbon atoms, the Bloch’s function for electrons in the unit cell of graphene is given by:


   Φ j  =  1  2    ∑  R α    e  i k ·  R α     ϕ j   ( r −  R α  )  ,   ( α = A , B )   



(13)




where the summation is taken over the position   R α   for A and B carbon atoms. As discussed in Section 2, the π molecular orbital between carbon atoms of graphene is obtained by the combination of the remaining 2pz orbitals. In this case, the Equation (13) can be written as


   Ψ π  =  1  2     e  i k ·  R A     ϕ A   ( r −  R A  )  +  e  i k ·  R B     ϕ B   ( r −  R B  )   ,  



(14)




where    ϕ  A , B   =   2pz,    R A  =  δ 3   , and    R B  = 0  . In accordance with the tight-binding approximation, only the contributions from terms up to nearest neighbors are considered to easily calculate the transfer and overlap matrix elements. By substituting Equation (14) in Equation (7), the diagonal elements of   H  A A    atom is given by:


     H  A A      =  1 N   ∑   R A   N   ∑    R  A   ′    N   e  i k (   R  A   ′   −  R A  )    〈   ϕ A   ( r −  R A  )   | H |   ϕ A   ( r −   R  A   ′   )   〉  =             =  1 N   ∑   R A  =   R  A   ′    N   ϵ  2  p z     ︸   same  atom   +     1 N   ∑   R A  =   R  A   ′   ±  δ 3   N   e  ± i k ·  δ 3     〈   ϕ A   ( r −  R A  )   | H |   ϕ A   ( r −   R  A   ′   )   〉   ︸   first   nearest - neighbors    =  ϵ  2  p z    + …  ,     



(15)




where for the sake of simplicity, since the highest contribution arises from the same atom terms, the smaller contribution of first-nearest-neighbors is neglected. Similarly, the second diagonal term of B atom is given by    H  A A   =  ϵ  2  p z     . On the contrary, the highest contribution for the calculation of the off-diagonal element   H  A B    arises from nearest-neighbor placed at    R B  =  δ  1 , 2 , 3    , the elements can be written as


     H  A B      =  1 N   ∑   R A   N   ∑   R B   N   e  i k (  R B  −  R A  )    〈   ϕ A   ( r −  R A  )   | H |   ϕ A   ( r −  R B  )   〉  =          = t   e  i k ·  δ 1    +  e  i k ·  δ 2    +  e  i k ·  δ 3     = t  2  e  i   k x  2  a   cos     k y   3   2  a  +  e  i  k x  a    = t f  ( k )  ,     



(16)




where   t =  〈   ϕ A   ( r −  R A  )   | H |   ϕ A   ( r −  R B  )   〉    and the function   f ( k )   is the sum of the phase factors. Similarly, the further off-diagonal element is given by    H  B A   =  H  A B  *  = t  f *   ( k )   . On the other hand, by using similar arguments, the elements of overlap matrix are given by:


     S  A A      =  S  B B   = 1  ,     



(17a)






     S  A B      = s f ( k )  ,     



(17b)






     S  B B      = s  f *   ( k )   ,     



(17c)




where   s =  〈   ϕ A   ( r −  R A  )   | S |   ϕ A   ( r −  R B  )   〉   . Therefore, the secular equation takes the form


      H −  E π  S  =           H  A A   −  E π   S  A A        H  A B   −  E π   S  A B          H  B A   −  E π   S  B A        H  B B   −  E π   S  B B        =      =         ϵ  2  p z        ( t −  E π  s )  f  ( k )         ( t −  E π  s )   f *   ( k )      ϵ  2  p z        = 0  ,     



(18)




thus, obtaining the energy dispersion relation in the form


   E  π  ±  =    ϵ  2  p z    ± t   | f ( k ) |     1 ± s   | f ( k ) |     ≈  ϵ  2  p z    ± t   | f ( k ) |   − s  | f  ( k )  |  + …  ,  



(19)




where the values for the choice of + or − sign correspond to the energy bands of π and π* molecular orbital (that is the valence and the conduction band, respectively) and the modulus of the complex function   f ( k )   is given by


     | f ( k ) |     = 3 + 4 cos    3  2   k y  a  cos   3 2   k y  a  + 2 cos   3   k y  a  =          = 1 + 4 cos    3  2   k y  a  cos   3 2   k y  a  + 4  cos 2      3   k y  a  2   .     



(20)







The parameters t and s are not uniquely identified, but their values are typically given in the range   t =   −(2.8–3.033) eV and   s =   0.07–0.129 eV in order to fit theoretical or experimental data [23]. In addition, the energy for wavevector null   E  ( 0 )  =  ϵ  2  p z      is usually chosen null, but its experimental value corresponds to the work function of graphene with no charge doping equal to φGr = −4.6 eV [41].



A representation of the energy dispersion relations of Equation (19) is plotted in Figure 9 for finite values of t and s from Ref. [23]. Some important features of graphene energy bands can be highlighted. For   s ≈   0, the conduction and the valence bands are asymmetric and thus the electron-hole symmetry is broken. As a result of the symmetry between the A and B sub-lattices (i.e., these lattices are composed by the same atomic species), the bands are not completely separated, but they are in contact at the  K  and    K  ′   points of Brillouin zone. In particular, the expansion of the full band structure of Equation (19) close to the  K  and    K  ′   points is isotropic, and it is given by


   E ±   ( k )  ≈ ± ℏ  v F   | k |  + O    ( k / K )  2   =  3 2  t a  | k |  ,  



(21)




where    v F  = 3 t a / 2 ℏ ∼   106 m/s is the Fermi velocity [23]. At the  K  and    K  ′   points the dispersion relation thereby follows a linear relation, thus resembling the form of an ultrarelativistic particle described by Dirac equation for effective massless particle [23,42,43]. Therefore, the energy bands of graphene at the  K  and    K  ′   points are commonly said Dirac cones. Moreover, a maximum and a saddle point are determined at the  Γ  and  M , respectively, where in addition a bandgap of ~20 eV and ~6 eV are found. Due to this feature, graphene is a semiconductor with null bandgap, hence it falls under the category of semimetals. Finally, since the electronic density n is related to the Fermi momentum   k F   by the relation   n =  k F 2  / π  , a relation with Fermi energy can be established in the form [23]


   E F  = ℏ  v F    π n   .  



(22)







Since the vibrational and spectroscopic features of graphene are closely related to the value of   E F  , Equation (22) finds wide use in the estimation and in the control of graphene p- or n- type doping [42].




3.2. Charge Carrier Density


The dispersion relation   E ( k )   obtained in Equation (19) provides information of what energy is allowed for states of conduction or valence bands at given wave vector  k . However, in order to achieve a complete description of electronic behavior of graphene it is necessary to answer to the following questions [30]: (1) how many states exist for a given energy? (2) what is the probability of occupation of these states? Concerning the latter question, due to the fermionic nature of electrons, the probability that a conduction electron of graphene occupies a state at given energy is described by the Fermi-Dirac distribution given by


  f  ( E )  =  1  1 +  e    E −  E F     k B  T       ,  



(23)




where   E F   is the Fermi energy of the system,   k B   is the Boltzmann constant, and T is the statistic temperature of the system [44]. This distribution is a step-like function which indicates that the occupation of energy levels placed below   E F   as even probability, whereas the occupation probability fades for energy levels placed above   E F  . The smooth of   f ( E )   decreases for every lower T, up to assume a full step shape.



On the other hand, the way in which the states are distributed on energy, i.e., their degeneracy, is described by the density of states (DOS)   g ( E )   [30,44]. Despite an analytic derivation of graphene DOS is possible by assuming   s = 0   in Equation (19), only a qualitative discussion is herein reported, by taking care to highlight the most relevant aspects concerning graphene: the derivative of dispersion relation   E ( k )  , and the reduced dimensionality of the system. By considering the DOS at a given energy   g ( E )  , the number of states at energy between E and   E + d E   is expressed by   g ( E ) d E  . This quantity can be obtained by integrating   g  ( k )   d 3  k  , i.e., the number of states with wavevector between  k  and   k + d k   over the entire  k -space [30]


  g  ( E )  d E = ∫ g  ( k )   d 3  k  .  



(24)







As previously noticed, the dimension of the k-space is equal to the dimension n of real space, and therefore, a hypersurface defined in this space is characterized by dimension   n − 1  . By labeling the electronic states by their wave vector, and by considering the possible states of a system at a given energy   E 0  , a corresponding hypersurface    S k   (  E 0  )    is selected in the k-space [30,44]. The integrand of Equation (24) can be evaluated as


  g  ( k )   d 3  k = 2   volume  of  k  - space   occupied  by  states  at  energy   E 0    volume  of  k  - space   occupied  by  a   single   state   = 2   δ  (  E 0  − E  ( k )  )   d 3  k   u k   ,  



(25)




where the factor 2 is for the spin degeneracy, and thus Equation (24) becomes


  g  ( E )  d E = 2 ∫   δ (  E 0  − E  ( k )  )   u k    d 3  k ,  



(26)







This volume integral can be expressed as a surface integral over the isoenergy surface    S k   (  E 0  )   . In particular, the volume element    d 3  k   can be written as    d 2  S d  k ⊥   . The vector   k ⊥   is perpendicular to the surface    S k   (  E 0  )   , and proportional to the gradient of energy    |   ∇ k   E |   . Thence its differential is   d  k ⊥  = 1 /  |  ∇ k  E |  d E  , and Equation (26) can be given by


  g  ( E )  = 2  ∫   S k   ( E )       d 2  S d  k ⊥    u k   = 2  ∫   S k   ( E )       d 2  S   u k    1   |   ∇ k   E  ( k )  |    .  



(27)







In this equation, it is easy to note that for a specific value of  k  in which    ∇ k  E  ( k )  = 0  , i.e., minima, maxima and saddle points of   E ( k )  , the DOS   g ( E )   diverges, giving rise to the so-called van Hove singularities [30]. On this basis, for a free gas of electrons of a n-dimensional system, the number of states up to energy    E F  =  ℏ 2   k F 2  / 2 m   is given by the integral


  N  (  E F  )  =  2  u k    ∫  0   k F    d n  k .  



(28)







By considering the dependence on the modulus of the wave vector   | k | = k   only, the surface element in the second member of Equation (28) is proportional to the surface of a   ( n − 1 )  -sphere


      d n  k =      4 π  k 2  d k ,    3 D   system        2 π k d k ,    2 D   system       d k ,    1 D   system        δ ( k ) d k ,    0 D    system ,           



(29)




the DOS is thereby obtained through the derivative of the solution of Equation (28) for the various volume elements of Equation (29). In general, the dependencies on energy obtained for   g ( E )   are given by


     g  ( E )  =      ∝  E  ,    3 D   system        ∝  E 0  ,    2 D   system       ∝  1  E   ,    1 D   system        ∝ δ ( E ) ,    0 D    system ,           



(30)




and therefore, no general dependence of DOS on energy should be guessed for 2D systems, as for example electrons in graphene. On the basis of these arguments, it is possible to comment the DOS of graphene reported in Figure 10. Since the 2D nature of the system no general trend on energy is determined. However, two van Hove singularities are determined by the saddle point for   E ( k )   at the  M  point (Figure 9). As mentioned in the discussion of the energy bands, the symmetry between electrons and holes is broken for   s ≠ 0  . Such an aspect involves the DOS too, where the DOS for holes is enhanced by the symmetry break. Finally, for ideal graphene the DOS vanishes for   E =  ϵ  2  p z     , whereas for doped graphene non-null contributions can be introduced [45].





4. Optical Properties


Once the electronic properties of graphene are known, it is possible to correctly interpret the optical features of graphene, i.e., the interaction of graphene with photons. Therefore, such a knowledge allows the relating of the information obtained by various spectroscopies to the electronic structure of graphene. In this section, the optical absorption and the light emission of graphene are briefly described.



4.1. Light Absorption


Because of the zero bandgap between valence and conduction bands, graphene absorbs light in a wide range of the electromagnetic spectrum, i.e., in far-infrared (FIR), mid-infrared (MIR), near-infrared (NIR), visible, and ultravioled (UV) region, as illustrated in Figure 11 [22]. For undoped graphene, the theoretical optical conductivity for electrons is found to be independent of frequency and equal to


  σ  ( ω )  =   π  e 2    2 h   ,  



(31)




where e is the electron charge, and h is the Planck’s constant, and the optical absorbance is thereby given by


  A  ( ω )  =   4 π  c  σ  ( ω )  = π α ≈ 2.29 %  ,  



(32)




where c is the speed of light, i.e., proportional to the fine structure constant  α , and equal to the 2.3% of incident light [46,47]. It is impressive that the effect is caused by a single layer of carbon atoms, but since almost all of the light is transmitted, graphene is a good candidate to be used as transparent conductive layer [3]. However, two critical factors restrict the simple white absorption is to the NIR-visible region: the Fermi level determined by doping (by which graphene is actually almost always affected, even if unintentionally) and the singularities in DOS [3,22,47]. Due to the large bandgap at the  Γ  point of the first Brillouin zone, the optical phenomena of graphene are related to electron placed near the  K  and the  M  points, depending on the amount of energy involved. In particular, at low energy, intraband transitions are activated, whereas interband transitions arise at higher energy [22,48].



In the FIR region, the optical absorption of graphene is due to intraband indirect transitions, whose diagram is shown in Figure 11a. In this case, both the start and the final electronic states are placed in the valence band, and a phonons or defect-assisted scattering of electrons is required to satisfy the momentum conservation. These transitions occur both for free carriers and collective charge carriers (plasmons) [22]. In this case, concerning free carriers, the optical response is described by sheet conductivity obtained in the Drude model:


  σ  ( ω )  =   σ 0   1 + i ω τ   ,  



(33)




where   σ 0   is the conductivity and  τ  is the electron scattering time. From this quantity the Drude weight   D = π  σ 0  / τ   is derived, the latter corresponding to the integrated oscillator strenth of free carrier absorption. For the massless electrons of graphene, the Drude weight is given by   D =  e 2   v F    π n    , thus relating the intensity of optical absorption to the charge carrier density n [22]. Concerning plasmons, optical absorption is favored by the low effective electron mass and by the high doping levels attainable in graphene. In this case, an absorption band is found at a specific plasmonic resonance frequency    ω p  ∼  102 cm−1, which value can be tuned by the charge carrier density according to a proportionality relation given by    ω p  ∝  n  1 / 4     [22,49].



On the other hand, the optical absorption from MIR and NIR region is related to interband transitions (shown in Figure 11b) in which the electrons are promoted by the valence band to the conduction band [22]. Contrary to the previous case, also direct transitions are allowed, and the specific weight of direct and indirect transitions depends on light energy: direct processes dominate low energy transitions (  ℏ ω ≈   0.1–2 eV), whereas indirect processes prevail in the case of high energy transition (  ℏ ω ≥   3 eV) [50]. As in the case of intraband transitions, the features of interband transitions are closely dependent on charge doping of graphene. In fact, as suggested by the diagram shown in Figure 11b, the lack of electrons in valence band due to p-doping induces Pauli blocking of optical transition at energy lower than    2 |   E F   |    [22,48,51], and hence the optical absorption of graphene can be tuned by doping. For graphene with chemical potential close to its Fermi energy, the sheet conductivity is given by


  σ  ( ω )  =   π  e 2    4 h     tan h     ℏ ω + 2  E F    4  k B  T    +  tan h     ℏ ω − 2  E F    4  k B  T     ,  



(34)




where T is the temperature and   k B   is the Boltzmann constant, characterized by a step-trend smoothed by temperature [22]. Therefore, as shown in Figure 11c, the increase of charge doping induces the formation of an absorption edge, below which no absorption is found, and therefore, as effect of oscillator-strenght sum rule, the absorbing oscillators lost in the MIR region are transferred to the low energy oscillators in the FIR region [52]. Further specific examples of doping-dependent interband transitions in graphene will be discussed in the following sections.



Finally, in the visible-NUV region, the absorption spectrum of graphene significantly deviates by the universal value πα, by featuring a broad asymmetric band at about   ℏ  ω 0  =   4.62 eV (Figure 11c) [22]. Such a feature is determined by transitions near the  M  point, i.e., the saddle point of the Brillouin zone, where DOS features a logarithmical divergence proportional to    − log | 1 − ω /   ω 0   |   . In addition, a many-body effect—that is electron-electron or electron-hole interactions—is involved in this process, thus determining the asymmetry of the considered band [22].




4.2. Light Emission


Since the lack of bandgap into the band structure of pristine graphene, the photocycle started from the electron-hole pairs generation by light absorption usually ends in non-radiative recombination [22]. In fact, as illustrated in Figure 12a, the electron-hole pairs generated by interband transition thermalize by rapidly relaxing towards low energy states. In particular, during the relaxation path, electron and holes differentiate their momenta, and hence the radiative recombination is prevented by the lack of momentum conservation. Therefore, the photoluminescence of graphene cannot be revealed in steady state condictions, but only by means of ultrafast spectroscopy. The emission of thermalized electron-hole pairs features a wide emission profile (Figure 12b), and decays in various time scales: fast 5–20 fs decay for direct recombination, and slow 100–250 fs and 1 ps decay for phonon assisted recombination [50]. Concerning doped graphene, the probability of radiative recombination of non-thermalized electron-hole pairs is dramatically enhanced. In fact, considering an electron-hole pair excited at energy    ℏ ω ≥ 2 |   E F   |   , once electron relaxes at energy lower than    |   E F   |   , it will easily find a hole with equal momentum wherewith recombine, as depicted in Figure 12c. The emission spectrum of doped graphene is shown in Figure 12d, whose emission peak, placed at    2 |   E F   |   , is tuned by doping level.





5. Vibrational Properties


The modification of any graphene properties (obviously structural, but also electronic) is reflected in some deviation from the ideal lattice, and it follows that even the vibrations of lattice change. Therefore, many investigations of graphene cannot prescind using some vibrational spectroscopy. As discussed in the previous section, the information provided by IR spectroscopy is mainly related to intraband or interband electronic transitions. For such a reason, Raman spectroscopy is almost exclusively used to investigate vibrational properties of graphene.



Raman spectroscopy has emerged as one of the most powerful methods in the investigation of graphene. In the one hand, Raman spectroscopy is an easy technique, is practicable at relatively low costs, with no invasiveness, and in various experimental conditions. On the other hand, despite its simple structure, graphene features a very rich Raman spectrum, composed by several well-defined bands. As shown in Figure 13, many bands of graphene are shared with other carbon-based materials, and it is easy to note how the resulting Raman spectra are sensitive to different structure. Concerning graphene, the main Raman bands which are related to one-phonon scattering processes are labeled as G (~1580 cm−1), and the defect-assisted D (~1350 cm−1), and D’ (~1620 cm−1). These bands are accompanied by those related to the respective two-phonons processes, 2D (~2680 cm−1), 2D’ (~3250 cm−1) and some composite bands, D+D’ (~1580 cm−1), and D+D’’ (~2450 cm−1). Thanks to the richness and clarity of the Raman spectrum of graphene, it is possible to use it as fingerprint, and a lot of information can be extracted by whatever anomaly in the band position or intensity [53,54].



In this section, the vibrational properties of graphene are reported regarding the normal modes and the phonon dispersion which belong to its lattice. These elements will be progressively related to the Raman active modes and to the Raman scattering processes which cause the typical spectrum of graphene.



5.1. Normal Modes and Phonon Dispersion


The symmetry of a crystalline lattice is at the basis of vibrational properties of the latter. In fact, the symmetry is involved in the definition of the fundamental vibrational features, such as phonon dispersion and normal modes. Concerning the latter, they determine every possible vibrations of the lattice. The honeycomb lattice of graphene discussed in Section 3.1 is characterized by a symmetry which belongs to the space group P6/mmm. The quantized vibrations of graphene, i.e., the phonons, are labeled by their wavevector ( q , with modulus q). The latter cannot assume arbitrary values, but is limited to values belonging to the first Brillouine zone of the reciprocal lattice shown in Figure 8.



The energy, and thus the frequency of phonons in graphene can be given by a force constant model, by means of which, in all similar to the case of electrons discussed in Section 3.1, the dispersion relation between frequency and wavevector and a DOS are obtained [53]. The calculated branches are shown in Figure 14a, and labeled in accordance to the kind of motion to which the atoms are subjected. In order of decreasing energy, the branches are distinguished as: three optical (O) and three acoustic (A) by involving or not a variation in charge momentum. Among them, one longitudinal (L) and two transverse (T) are distinguished according to whether the atom motion occurs along or perpendicular to the direction of the wavevector. In addition, for transverse branches only, in-plane (i) or out-of-plane (o) are distinguished according to whether the atom motion is in or out of the plane of graphene [53]. A key feature is shown by iTO and LO phonon branches where the so-called Kohn anomaly can be observed, i.e., the presence of cusps at the  Γ  and  K  points (Figure 14a).



Such a feature is typically found in metals, due to the relevant electron-phonon coupling, and is thereby a sign of the semimetallic nature of graphene. In particular, the motion of nuclei in metals is screened by the electrons, which can be described as a dielectric medium. It is shown that the derivative of phonons frequency is related to the derivative of this dielectric function. As a consequence, any singularity in the dielectric function is reflected to the phonon dispersion. The singularity and thereby the Kohn anomaly may occur for   q =  k 1  −  k 2   , where   k 1   and   k 2   are both on the Fermi surface. In graphene, the Fermi level is at   k = K  , and since     K  ′  = 2 K  , two Kohn anomalies occur, for   q = Γ = 0   and   q = K  . Finally, the weight of various branches is indicated by the phonon DOS shown in Figure 14b, thus allowing the assignment of phonon branches to spectroscopic bands [53]. The most relevant vibrational contributions come from phonons near the  Γ  and  K  points. The atom displacement of these modes in graphene is illustrated in Figure 15. At the  Γ  point (  q ≈ 0  ), the wavevector features a symmetry belonging to the point group D6h, to which six normal modes correspond: A2u, B2g, E1u, and E2g, with double degeneration for the last two modes. Between them, only the two E2g modes are Raman active modes (Figure 15a). Moreover, at the  K  point (  q ≠ 0  ), the wavevector features a symmetry belonging to the point group D3h, to which six normal modes correspond: A’1, A’2, E’, and E” with double degeneration for the last two modes (Figure 15b). In this case, all these modes are Raman active, albeit they feature different intensity [54].



Based on this information, it is possible to assign the Raman bands of graphene to specific phonon branches and atom displacements. Concerning phonons near the  Γ  point, G band corresponds to the two degenerate E2g modes for phonons in iTO branch. By removing this degeneracy, G band is split in two bands, namely G+ and G–, as in the case of carbon nanotubes or strained graphene. Moreover, D’, 2D’ bands correspond to the two E2g modes for phonons in LO branch. Concerning phonons near the  K  point, D and 2D band correspond to the A’1 mode for phonons in iTO branch, whereas D’’ band corresponds to the mode E’ in LA branch. Finally, other minor Raman bands (rarely measurable due to their very low signal intensity) D3, D4, and D5 correspond to the modes E”, E’, and A’2 for phonons in oTA, LA, and iTA branches, respectively [54].




5.2. Raman Scattering Processes


Numerous types of Raman scattering processes occur in graphene. Graphene features both resonant and non-resonant scattering, as well as one-phonon, two-phonon, and defect-assisted scattering. In addition, intravalley or intervalley scattering occur whether the light-generated electron-hole pair is scattered by a low-wavevector (low-q, for   q ≈ Γ  ) or high-wavevector (high-q, for   q ≈ K  ), and thus involving electronic states in a single or two Dirac cones, respectively. As illustrated in Figure 16, the main Raman bands of graphene originate from the following processes [58]:




	G band: 

	
belongs to a single-phonon process, in which a non-resonant electron-hole pair is scattered by a low-wavevector phonon in iTO branch corresponding to the two E2g vibrational modes (Figure 16a).




	D’ band: 

	
belongs to an intravalley defect-assisted single-phonon process, in which a resonant electron-hole pair is scattered by a low-q phonon in LO branch corresponding to the two E’ vibrational modes and by a defect (Figure 16b,c).




	2D’ band: 

	
intravalley two-phonon process, in which a resonant electron-hole pair is scattered by two equal low-q phonons in LO branch corresponding to the two E’ vibrational modes (Figure 16d).




	D band: 

	
intervalley defect-assisted one-phonon process, in which a resonant electron-hole pair is scattered by a high-q phonon in iTO branch corresponding to the A’1 vibrational mode and by a defect (Figure 16e).




	2D band: 

	
intervalley two-phonon process, in which a resonant electron-hole pair is scattered by two equal high-q phonons in iTO branch corresponding to the A’1 vibrational mode (Figure 16f,g).




	D+D’ band: 

	
intervalley defect-assisted two-phonon process, in which a resonant electron-hole pair is scattered by two different wavevector phonons, the one at low-q in iTO branch corresponding to the two E’ vibrational modes and the other at high-q in LO branch corresponding to the A’1 vibrational mode, and by a defect (Figure 16h).




	D+D’’ band: 

	
intervalley defect-assisted two-phonon process, in which a resonant electron-hole pair is scattered by two different wavevector phonons both at high-q value, the one in iTO corresponding to the two E’ vibrational modes and the other in LA branch corresponding to the E’ vibrational mode (Figure 16f,g).









Only a small portion of possible Raman processes are reported in Figure 16. For example, in the case of D’ mode, two scattering processes can occur as shown in Figure 16b,c, where the two processes differ only in whether scattering (phonon or defect) is in resonance with the electronic states, respectively. This aspect occurs for all the defect-assisted scattering processes above reported. Moreover, the intervalley processes are distinguished in outer (not shown) and inner (Figure 16f for 2D mode) depending on the crossing or not of Dirac cones [53,58].





6. Influencing Factors on Raman Scattering


The specific features of the reported Raman bands are closely dependent on various factors, under whose influence the appearance of Raman spectrum of graphene can vary significantly. Therefore, the monitoring of the Raman spectrum is an important way to obtain information about several properties of graphene, both of morphological and electronic nature. Herein, the most influencing factors are discussed.



6.1. Laser Energy and Power


The first influence on the Raman spectrum of graphene to be considered is the dependence of G and 2D peak positions on the features of light used to induce Raman scattering (usually laser sources). Concerning the dependence on the energy, every Raman bands of graphene, except G band, feature a dispersion of its peak position on using different excitation laser energies, as well as a significant dependence of band intensity [59,60]. Such a feature can be explained by taking into account the resonant nature of the scattering processes related to these bands [42,58]. As illustrated in Figure 17, the variation of laser energy modulates the resonance with the electronic bands of graphene occurring in the scattering processes. For higher energy, the electron-hole pair at  k  further away from the  K  point is generated, and hence a different wavevector is necessary for the resonant scattering process. In accordance with the phonon dispersion relation shown in Figure 14, an higher mode frequency is expected. Near the  K  point, both the electron and phonon dispersion relations can be approximated by the linear relations   E  ( k )  = ℏ  v F  k   and   E  ( q )  = ℏ  v  p h   q  , respectively, where    v F  =  ℏ  − 1   ∂ E  ( k )  / ∂ k   and    v  p h   =  ℏ  − 1   ∂ E  ( q )  / ∂ q  . By the scheme reported in Figure 17a it is shown that the laser energy can be expressed as,    E L  = 2  v F  k  , whereas the energy of a single phonon is equal to    E  p h   =  v  p h   q  , and the wavevector of the scattered phonon is given by   q = k ±  k ′  ≈ 2 k   [53]. Therefore, for 2D band, in which two phonon scatterings occur, the energy is given by


   E  2 D   = 2   v  p h    v F    E L  ,  



(35)




and thereby featuring a linear dispersion with the laser energy reported in Figure 17b. Finally, be νL the laser frequency, the intensity of G band is proportional to νL4, as usual for Raman scattering. On the contrary, since all the other bands arise from a resonant process, their intensity is fixed. Therefore, the relative intensity between G band and any other band varies significantly with the laser energy, as shown in Figure 17c [53,54].



On the other hand, G and 2D peak position features a significant dispersion with respect to the power of incident light which is related to thermal effects [61,62]. In fact, the lattice bonds of graphene are softened with the increase of temperature and both G and 2D bands feature a significant redshift and a similar effect can be induced during the Raman measurement. [61,63]. According to what discussed in the previous sections, a fraction of the incident light is absorbed by graphene and then dissipated by lattice vibration. As depicted in Figure 17d, the light fraction absorbed increases with laser power thus heating graphene in a well-defined region beneath the laser spot. Consequently, the   C − C   bond distance increases as effect of thermal expansion thus inducing a redshift in peak position of Raman bands (Figure 17e) [61,63]. Some authors have profitably exploited the evolution of G and 2D peak positions with respect to laser power to evaluate the thermal conductivity for both suspended and supported graphene. The highest values are obtained for suspended graphene at ambient temperature, for which the thermal conductivity reaches extremely high values:  κ ~4840–5300 W/mK [61],  κ ~1450–3600 W/mK [64],  κ ~1700–3200 W/mK [65]. Moreover, the thermal conductivity decreases for higher temperature ( κ ~920–1900 W/mK [64]) and for supported graphene ( κ ~50–1020 W/mK [63]) as effect of the decrease of phonon mean free path [66].




6.2. Number of Layers


Since graphene (single-layer system) and graphite (infinite-layer system) feature a considerably different Raman spectrum, a progressive evolution of the intralayer vibrations are expected for multi-layer system with arbitrary number of graphene layers. This spectroscopic feature is due to the coupling between the single layers, which do not behave as single systems, but as a collective system. Therefore, some peculiar new bands related to the relative motion between sheets (that is interlayer vibrations) appear for multi-layer graphene.



Concerning intralayer vibrations, the increasing of number of layers (demonstrated by the increase of optical contrast shown in Figure 18a), enhance the intensity of G band because of the increase of the number of scattering atoms (Figure 18b,c). Moreover, 2D band features a remarkable broadening on increasing the number of layer, thus reporting an ever large full width at half-maximum (FWHM) and an ever lower intensity ratio I2D/IG (Figure 19a) [42,67,68,69,70]. The reason of this spectroscopic evolution lies in the splitting of energy bands occurring in multi-layer graphene [42]. In particular, by considering a two-layer graphene, the vertical stacking of graphene sheets splits the conduction and the valence bands in a upper (u) and a lower (l) bands in proximity of the  K  and    K  ′   points because of interlayer coupling, as illustrated in Figure 19b [42]. Therefore, the scattering process reported in Figure 16 is converted to four possible processes, hence causing the splitting of 2D band in four close subbands (2Dll, 2Dlu, 2Dul, and 2Duu), as shown in Figure 19a. For a n-layer graphene, n2 scattering processes occurs for 2D band, but their different contributions to the final shape of 2D band cannot be evaluated because of strong energy overlap. For this reason, just more than five layers are enough to get the 2D band almost indistinguishable from the case of graphite [20,21]. Therefore, by considering the simultaneous increase of G band intensity and the broadening of 2D band with the number of layers, the peak amplitude ratio between 2D and G bands (I2D/IG) is an easy parameter to rapidly evaluate the presence of a single-layer graphene. In fact, this is the only case in which I2D/IG≥ 1, whereas G band becomes dominating for every multi-layer graphene. Finally, it is important to notice that the specific stacking of graphene layer influences the splitting of electronic bands and hence the shape of 2D band [42].



In addition, the interlayer coupling vanishes for specific alignments, thus obtaining two overlapped and independent graphene sheets. As shown in Figure 20a, folded graphene features a reduction in Fermi velocity   v F   which, according to Equation (21), modifies the slope of the electronic bands at the  K  point, and thus phonon at higher wavevectors are necessary for the scattering cycle of 2D band [71]. The relation between Fermi energy and the 2D frequency shift is thereby given by


    d  v F    v F   = −   ℏ  v F      E L  − ℏ  (  ω  2 D   / 2 )     d  ω  2 D     d q     d  ω  2 D   ,  



(36)




where   E L   is the energy of laser, and   ω  2 D    is the frequency of 2D band, which increases on decreasing the Fermi velocity (Figure 20b) [71].



Finally, concerning interlayer vibrations, the main modes which arise from the relative motion between graphene sheets are: the shear vibrational mode (C) which corresponds to a low-frequency E2g mode located between 30–44 cm−1 depending on the number of layers, and the layer-breathing modes (LBMs) located between 80–300 cm−1 [54,58].




6.3. Defects and disorder


Another factor to be considered is the lack of structural integrity, which obviously affects the vibration of a crystal lattice, and therefore, the Raman spectrum of graphene shows pronounced variation due to the presence of defects and disorder of the material.



Concerning the internal region of graphene flakes, various kind of defects can affect the structure of graphene. As shown in Figure 21a–f, some of them are characterized by the lack of carbon atoms and by the consequent position rearrangement for the remaining atoms [72]. Such defects are typically related to domain-boundary region of graphene, where different crystalline seeds with arbitrary orientation are forced to realize a crystalline continuity [73,74]. In other cases, dangling bonds of a vacancy are saturated by other species. In particular, F (fluorinated graphene) and N (N-doped graphene) induced during graphene synthesis [75,76,77,78,79] and implanted metals such as   Pt  ,   Pd   and   Ni   are most notable atomic species [80,81,82,83,84]. Moreover   = O   along   − OH  ,   − CO   and   − COOH   are typical moieties of graphene oxide (Figure 21g) [85].



As previously discussed, D and D’ band are the main defect-related Raman band of graphene, and their intensity varies considerably with the defect concentration [58,86,87]. In fact, as shown in Figure 21h,i, the generation of defects by ions bombardment on a pristine sample induces the appearance of D band. Moreover, it can be noticed that the increase of D band intensity reaches its maximum, and then decreases at ever higher concentration (evaluated in terms of interdefect distance   L D  ). Such a nonmonotonic behavior is related to the overlap efficiency between the defect sites. At low defect concentration, D band is active for undamaged zones in proximity of defect and ever more regions can be involved by increasing the defects. However, at high concentration, the defect starts to compete one each other, and D band is no more enhanced. Finally, at very high concentration, the defects limit the extension of D-active regions, and D band features a drastically reduced intensity and broadened bandwidth [54,86,87]. In addition, since the electron-phonon and the electron-defect scattering events are competitive, the same is true for the respective Raman bands, and thereby 2D band intensity is reduced by the increase of defects in graphene structure [88].



Since both D and D’ bands are the only bands which include an electron-defect scattering event, both can be used as markers of defects and disorder in graphene structure. Since these two bands are characterized by different scattering processes, their features are not a trivial duplicate. Therefore, conspicuous information about graphene structure can be obtained by comparing their spectroscopic features. As shown in Figure 14, D and D’ bands arise from phonons at different wavevector values: low value for D’, and high value for the D band. Therefore, as shown in Figure 16, D band arises from an intervalley scattering process, whereas D’ from an intravalley one. Such a feature implies a different contribution for scattering from edge defects at the border of graphene flakes. In fact, as depicted in Figure 22, when an electron collides with the edge of a flake it is scattered backward, perpendicularly to the edge interface, and thus the direction of the momentum depends on the type of graphene edge: zigzag (  d z  ) and armchair (  d a  ) [53,90,91]. As a consequence, both kinds of edge allow intravalley defect scattering which gives rise to D’ band, whereas only the armchair boundary allows the intervalley defect scattering related to D band, thus allowing determination of the edge structure on the basis of D band intensity [90,91]. Both computational and experimental investigation showed the close relation between the intensity of D’ band and the specific nature of defects [92,93], whereas the intensity of D band is mainly due to defect concentration [86,87]. Therefore, the intensity ratio ID/ID’ can be used as control parameter of defect structure. In particular, D’ band intensity increase by inducing vacancy defects, where the ID/ID’ ratio is found maximum. On the contrary the D’ band fades in the case of defect saturated by other species, thus enhancing the ID/ID’ ratio (Figure 23) [92,93].




6.4. Strain


A further morphological factor which influences the Raman spectrum of graphene is the mechanical strain to which the material can be subjected. In fact, the application of compressive or tensive strain modifies the volume of the material and thereby induces a lattice deformation: the deviation from a perfect planar geometry for compression, and the stretching of lattice for tension. Such a volume modification of graphene determines the linear dispersion of G and 2D bands shown in Figure 24 by which is easy to evaluate the structural deformation induced in the material. Most important, the Raman characterization of strain can be exploited to develop graphene-based sensor, as for example gas sensor by using graphene as impermeable membrane [94], by using graphene as strain-monitoring layer [95], and especially alongside piezoresistive effect of graphene [96,97]



By modeling the lattice bonds as a harmonic oscillator, the atom motion is described as


  M  u ¨  + k u = 0 ,  



(37)




where M is the mass of carbon atoms, u is the atom displacement and k is the bond elastic constant characteristic for the system, and whose solution is


  u  ( t )  = A cos   ω 0  t  ,  



(38)




where A is the oscillation amplitude, and    ω 0  =   k / M     is the oscillation frequency. The strain of a material is typically described in the linear displacement regime, i.e., by applying an external force linearly proportional to the atom displacement    F e  = λ u  . Therefore, the Equation (37) is rewritten as:


  M  u ¨  + k u − λ u = M  u ¨  +  ( k − λ )  u = 0 ,  



(39)




whose solution for   k − λ > 0   is


  u  ( t )  = A cos   ω 1  t  ,   ω 1  =   ( k − λ ) / M   .  



(40)




and thereby the effect of strain is only the modification of the oscillation frequency. More generally, the equation describing the strain applied on a material can be expressed as


  M   u ¨  i  + k  u i  +  ∑  k l m    K  i k l m    ϵ  l m    u k  = 0 ,  



(41)




where   ϵ  l m    are the elements of the second rank tensor of strain and    K  i k l m   = ∂  K  i k   / ∂  ϵ  l m     are the elements of the fourth rank tensor which gives the change in the elastic constant element   K  i k    between the displacements   u i   and   u k   due to   ϵ  l m   . The strain tensor in its diagonal form has the element   ϵ  l l    and   ϵ  t t   , which take into account the longitudinal (l) or transverse (t) orientation between strain and phonon propagating direction [53]. By considering the symmetry of the vibrational mode E2g, the solution of Equation (41) for G band (which splits in G+ and G– bands) in the case of uniaxial strain is given by


    ∂ ω   ω   G ±   0   =  γ G    ϵ  l l   +  ϵ  t t    ±  1 2   β G    ϵ  l l   −  ϵ  t t    = −  1  ω   G ±   0     ∂ ω   ϵ h    ϵ h  −  1  ω   G ±   0     ∂ ω   ϵ s    ϵ s   ,  



(42)




thus obtaining the dispersion of G mode by applying strain [98,99]. In Equation (42),    ω   G ±   0  =  ω G    is the mode frequency for unstrained graphene, the Grüneisen parameter   γ G   describes the G frequency shift due to hydrostatic strain    ϵ h  =  ϵ  l l   +  ϵ  t t    , and the parameter   β G   describes the G frequency shift due to shear strain    ϵ h  =  ϵ  l l   −  ϵ  t t     [53,100]. In the case of biaxial strain    ϵ  l l   =  ϵ  t t    , and thence Equation (42) reduces to [98]


    ∂ ω   ω  G  0   = − 2 ϵ  γ G  .  



(43)







On the other hand, by considering the symmetry of the vibrational mode A’1, the solution of Equation (41) for 2D band in the case of both uniaxial and biaxial strain is given by [98]


    ∂ ω   ω  2 D  0   = − 4 ϵ  γ  2 D    .  



(44)







A linear dispersion of peak frequency by strain is thereby obtained for both G and 2D bands, in agreement with the data reported in Figure 24. However, such linear relation is largely limited to tensive strain and for compressive strain lower than 0.4%, whereas non-linear behavior starts for further compression [98,100]. Moreover, unexpected behavior is found for graphene flakes affected by domain-boundary [74].




6.5. Doping


Finally, one of the most relevant influence factors is charge doping (that is the variation in the population of electronic states of the material) especially as regards G and the 2D band features. As previously mentioned, iTO and LO phonon branches feature a strong coupling with electrons, as attested by the presence of Kohn anomaly at  Γ  and  K  points for these branches. On the basis of this coupling, the phonons and the electrons renormalize their energy as effect of a mutual interaction, which manifests itself in the phonon decay in virtual electron-hole pair (Figure 25a) [53,88]. The phonon dependence on the electron-phonon interaction can be evaluated by using second-order pertubation theory [53]. For a vibrational mode  λ , the phonon frequency is written as


  ℏ  ω λ  = ℏ  ω  λ  0  + ℏ  ω  λ   I I   = ℏ  ω  λ  0  + ℏ Δ  ω λ   ,  



(45)




where   ω  λ  0   is the unperturbed phonon frequency, and    ω  λ   I I   = Δ  ω λ    is frequency variation given by the second order perturbation term which provides the phonon frequency shift. The latter quantity and the phonon bandwidth   Γ λ   (due to finite phonon lifetime) are given by


     ℏ Δ  ω λ      = R e  Π (  E F  )      



(46)






     Γ λ     = I m  Π (  E F  )   ,     



(47)




that is the real and imaginary parts of photon self-energy  Π  equal to


  Π  (  E F  )  = 2  ∑ k     |  〈   e h  ( k )  |   H  i n t    |   ω λ   〉  |  2   ℏ  ω  λ  0  − E + i  Γ λ    ·  f   E h   ( k )  −  E F   − f   E e   ( k )  −  E F     ,  



(48)




where   〈   e h  ( k )  |   H  i n t    |   ω λ   〉   is the matrix element for creating an electron-hole pair at momentum  k  by means of phonon   ω λ  ,    E h   ( k )    and    E e   ( k )    are the hole and electron energies, and   Γ λ   is the decay induced bandwidth [42,53]. Therefore, both the phonon frequency and bandwidth depend on Fermi energy   E F  . The calculated curve for G phonon frequency and bandwidth on varying Fermi energy via doping concentration are shown in Figure 25b,c. By increasing doping, since the phonon cannot decay in electron-hole pair at energy lower than    2 |   E F   |   , its the lifetime increases and the bandwidth fades (Figure 25a). Moreover, the phonon frequency is softened for    |   E F   | ≤ ℏ   ω G 0  / 2  , whereas is stiffen for higher energy. For low doping, the modification of   ω G   is nearly linear and symmetric under p- and n- doping. On the contrary, a high p-doping induces an ever greater stiffening, while a further softening is found for high n-doping [53,88,101,102]. This behavior is in accordance with experimental data reported in Figure 26a–c. Concerning 2D phonon, its frequency is affected by doping similarly to the case of G phonon, albeit with different ranges of linearity. In particular, the 2D frequency varies almost linearly at low doping, but softens significantly even at moderate n-doping [88,102].



Also, the integrated intensity of Raman bands are sensitive to doping. In particular, as shown in Figure 26d, whether the intensity of G band does not depend on doping, the intensity of 2D band is visibly reduced by the increase of doping, both of p- and n-type. In fact, under the assumption of a fully resonant process, the intensity of 2D band can be written as


   I  2 D   ∝     γ K    γ  e − p h   +  γ D  +  γ  e e      2   ,  



(49)




where   γ  e − p h    is the electron-phonon scattering rate,   γ D   is the electron-defect scattering rate, and   γ  e e    is the electron-electron scattering rate [88,102]. Between those terms, only   γ  e e    depends on Fermi energy, by scaling linearly with it, and the I2D decreases on the increase of doping. Therefore, the relative intensity between G and 2D bands I2D/IG is used to monitor doping. The intrinsic value for undoped graphene has been evaluated to be I2D/IG = 12–17, but this is found only in suspended graphene, since in the case of supported graphene, the interference effects must be included [88,103,104]. Considering a typical substrate composed by about 285 nm of amorphous    SiO 2    grown on a   Si   wafer, the interference effects reduce the value down to I2D/IG≈ 5. Moreover, lower values are typically found in experiments as effect of unintentional p-doping induced by substrate surface charges [88,105,106,107].



Despite the peak frequency shifts of G and 2D bands mark the actual doping in graphene samples, such an evaluation can be distorted by concurrent occurrence of other effects on these bands, such as folding or strain in graphene sheet. Nevertheless, according to the recent literature, the different contribution σ of the various effects can be partially disentangled by using a method developed by the author of Refs. [108,109,110,111,112]. Herein, the shifts of G and 2D band are analyzed by using a G-2D map obtained by plotting the peak position of 2D band vs G band (Figure 27a) calibrated according to the used laser wavelength. Here a given spectrum is represented by a single point and the contributions of doping and strain are evaluated by decomposing the position of this point against two main axes which are traced according to the single dependence on doping (different for p or n type) and strain (both tensive and compressive). The intersection between these axes corresponds to the ideal unstrained and undoped configurations. Thence, every point at the right side of strain axis can be decomposed against these axes evaluating the different contribution of doping and strain. Moreover, the points placed at the left of the strain axis require a further axis, namely the Fermi velocity axis, since neither doping nor strain can describe this region of the map.



Compared to the easy evaluation of doping obtained by I2D/IG ratio, the reported procedure gives some advantages and disadvantages (Figure 27b). In fact, I2D/IG depends only by doping and its evaluation is not affected by other phenomena. On the other hand, the G-2D map provides a more accurate evaluation of doping levels, and in some cases it allows better discrimination between p or n-doping. Nevertheless, the simultaneous occurrence of strain, doping and Fermi velocity variation cannot be disentangled. Therefore, this method requires that at least one of these parameters keep (or it is assumed to be) unmodified [108,109].





7. Synthesis Methods


Since the first isolation carried out by Novoselov and Geim in 2004 [1], a plethora of methods have been developed to produce graphene, by exploiting a wide variety of physical or chemical phenomena. Currently, the various methods show different and complementary characteristics, but none of them can comply all the possible requirements, for example large extension, large production, defect-free structure, functionalization, cleanliness from impurities, low costs. Therefore, case by case the choice between them is driven by the evaluation of which method is better suitable for the specific application in which graphene must be implemented. In general, the methods developed until now can be grouped in two categories depending on the direction of the manufacturing process: bottom up methods, which start from molecular precursor in that assembled together to build up objects of higher hierarchical level, and top down methods, in which macroscopic materials are reduced to the nano-size element of which are constituted or used as raw material, as in the case of graphite and waste plastic for graphene, respectively [18,24,25]. Some of the most common synthesis methods of graphene are described in the following.



7.1. Top Down


	Mechanical Exfoliation 

	
based on the separation of the single graphene sheets which constitute graphite (Figure 28a), and thanks to its simplicity this method was used for the first isolation of graphene [1]. On its favor, it produces the highest quality of graphene because of the high purity of graphite, and moreover it is a relatively easy procedure since the vertical stacking of graphene sheets is assured only by weak van der Waals interactions. For this reason this technique can be extended to other van der Waals heterostructures, such as transition metal dichalcogenide (   MoS 2   ,    MoSe 2   ,    TiSe 2   ,    WSe 2   ). However, this method is limited by two main factors: the small amount of product and in the exiguous extension of graphene flakes, the latter factor bypassable by using of HOPG as raw material [42]. In detail, the direct manipulation of top graphene sheet on graphite can be performed both by scotch tape and by tips originally produced for scanning probe microscopy [24,42].




	Liquid-phase Exfoliation 

	
in this case the exfoliation procedure is performed in liquid-phase, and the separation of graphene sheets is obtained by sonication (Figure 28b) [24,25,42]. This procedure is preferable to the mechanical exfoliation since in comparison it produces a large quantity of graphene flakes with larger lateral size. By contrast, the most critical issue consists of the damaging of the internal structure of graphene flakes in which some defects can be induced. However, some investigations have shown that this undesired effect can be avoided by putting in solution some specific chemicals, such as surfactants [113] or intercalating molecules [114], which facilitate the exfoliation, thus requiring weaker sonication [25,42].




	Electrochemical exfoliation 

	
performed in liquid-phase as the previous method, but based on the use of a graphite source (usually HOPG) as electrodes in an electrolyte solution (Figure 28c). In this case



the produced graphene features low defect concentration because the sheets separation is induced by the electrochemical reaction rather than by mechanical waves, thus assuring the production of a high-quality graphene [25].




	Graphene Oxide Reduction 

	
uses graphene oxide (GO) as main precursor. GO is usually obtained by many methods, such as from the exfoliation of graphite oxide (Hummer’s method) which follows a top down strategy [115], or by using glucose as source (Tang-Lau method) according to a bottom up strategy [116]. Concerning the first case, the exfoliation of graphite oxide is easier than that of native graphite, thus featuring notable advantages with its respect [25]. Both chemical or thermal approaches can be exploited for the reduction of GO (Figure 28d) and the quality of graphene is determined by the degree of reduction actually reached, usually never complete [117,118]. Some authors usually name this material graphene but it should be referred as reduced graphene oxide (rGO) because of its peculiar properties. In fact, rGO significantly differs from actual graphene, and it is thereby preferred for applications which take profit from the presence of functional groups onto graphene (optical and liquid application), rather than in those in which a high purity level is mandatory (solid state microelectronic) [85,89].








7.2. Bottom Up


	Chemical Vapor Deposition (CVD) 

	
is one of the most common methods for the production of graphene for microelectronic application both because the excellent features of the produced graphene and because it makes use of technologies well established in microelectronics industry. In particular, a mixture of molecular hydrogen and small hydrocarbon as carbon source (methane, ethane) are used to grow layer by layer the largest high-quality graphene flakes onto various substrates made by transition metals (  Cu  ,   Ni  ,   Pt  ,   Pd  ) [8]. Moreover, by varying the precursors, it is possible to include specific dopant elements in graphene such as boron, nitrogen or oxygen in order to obtain B-doped, N-doped, or O-doped graphene (Figure 29a). Thereafter, graphene is covered by a protective layer usually made by polymers such as poly(methyl methacrylate) and then transferred onto the other substrates by using thermal release tape. Unfortunately, precisely this step constitutes the weakness of CVD methods, since some residues of the protective layer keep onto graphene even after dedicated cleaning bath [24,42,119,120]. Finally, plasma-enhanced CVD has proved an excellent method to grow vertical graphene nanosheets, i.e., a special graphene morphology which features peculiar transport properties of interest for microelectronics [121,122,123].




	Thermal Annealing 

	
basing on CVD method, produces graphene by using a couple or a multiple stack of an amorphous carbon layer deposited onto a metal layer (  Ni  ,   Co   and   Cu   are the most common choices). The annealing dissolves the amorphous carbon into the metal layer, and thus obtaining the segregation of a thin carbon layer, i.e., graphene, onto the surface of the metal (Figure 29b) [24,124,125]




	Solvothermal 

	
in its turn similar to CVD method, produces graphene by means of the reaction between some chemicals in liquid phase (Figure 29c). Some reaction is based on the pyrolysis or the thermal decomposition of carbon-based precursors [24,126,127]. Moreover, other methods use also precursor species containing nitrogen, such as in the case of the reaction between    CCl 4    and    Li 3  N  , thus inducing the formation of N-doped graphene flakes [124,128].




	Epitaxial Growth 

	
based on the synthesis of graphene by the thermal decomposition of the surface of   SiC   (Figure 29d). In addition to the very high-quality structure of graphene obtained by this technique, the real advantage is the growth of graphene directly on a semiconductor. In this way it is possible to obtain the same quality of CVD, but avoiding the transfer step and the problem related to the transfer stage [25,129,130,131,132].









8. Conclusions


The present review aims to collect the knowledge regarding the structural and electronic properties of single-layer graphene, especially by pointing out the connection to the spectroscopic characteristics deriving from the electronic band structure of the material. In particular, the effects of structural changes (defects and strain) and electronic state modifications (doping) are shown through the information provided by Raman spectroscopy. Herein, we highlight the wide range of potentialities this technique in the investigation of graphene and related materials. Finally, a summary of graphene synthesis methods is reported.
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Figure 1. Exemplative ball and stick model of a portion of graphene sheet where carbons atoms are arranged in an hexagonal lattice. 
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Figure 2. Electronic configuration diagram vs energy for carbon atom in its (a) ground state and (b) excited state and (c) possible hybridization types: sp (red), sp2 (blue), and sp3 (green). 
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Figure 3. (a) sp hybridization scheme and (b) resulting electronic configuration with hybrid orbitals, (c) geometry of sp orbitals, and (d) example of such hybridization in ethyne molecule. 
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Figure 4. (a) sp2 hybridization scheme and (b) resulting electronic configuration with hybrid orbitals, (c) geometry of sp2 orbitals, and (d) example of such hybridization in ethene molecule. 
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Figure 5. (a) sp3 hybridization scheme and (b) resulting electronic configuration with hybrid orbitals, (c) geometry of sp3 orbitals, and (d) example of such hybridization in ethane molecule. 
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Figure 6. Exemplary ball and stick model of (a) diamond and (b) graphite. 
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Figure 7. Ball and stick models of (a) fullerene, (b) carbon nanotubes, and (c) graphene. 
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Figure 8. (a) Hexagonal structure of graphene in the real space. The atoms are distinguished in accordance to the two sub-lattices A (green) and B (red) to which they belong. Primitive vectors (  a 1   and   a 2  ) and first near-neighbor vectors (  δ 1  ,   δ 2   and   δ 3  ) are marked. The primitive cell (PC) is highlighted. (b) Corresponding reciprocal lattice of graphene. Primitive vectors (  b 1   and   b 2  ), and the high-symmetry points  Γ ,  K ,    K  ′  , and  M  (yellow) are marked. The PC and the first Brillouin zone (BZ) are highlighted. Adapted with permission from Ref. [23]. Copyright (2009) American Physical Society. 
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Figure 9. 2D (a), and 3D (b) surface plots of graphene energy bands for finite values of coefficients in Equation (19) equal to   t =   2.7 eV and   s =   0.2t and    ϵ  2  p z    =   0. High-symmetry point  Γ ,  K ,    K  ′  , and  M  in the first Brillouin zone (white hexagon) are marked by labels 
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Figure 10. DOS of graphene calculated by assuming (a)   s ≠ 0  , and (b)   s = 0   in Equation (19). (c,d) Detailed plot of energy near   ϵ  2  p z    . Reprinted with permission from Ref. [23]. Copyright (2009) American Physical Society. 
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Figure 11. (a) Diagram of intraband light absorption transitions at the  K  point of graphene Brillouin zone. In particular, absorption of photons at various energies (ℏω, continuous arrows), and phonon and defect-assisted scattering (k, dashed arrows) are depicted. (b) Diagram of interband light absorption transitions at the  K  and  M  points. In particular, absorption of photons at various energies (ℏω), for allowed and forbidden transitions are depicted. Adapted with permission from Ref. [22]. Copyright (2012) Elsevier. (c) Light absorption of graphene in the far-infrared (FIR), mid-infrared (MIR), near-infrared (NIR), visible (VIS) regions due to intraband and interband transitions at the  K  point. The effect of non-null graphene Fermi Energy determines the enhancement of absorption in the FIR region and the quenching in the MIR due to oscillator-strength sum rule and Pauli blocking, respectively. The absorption band in VIS-UV region due to the transition at  M  point is also reported. 
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Figure 12. (a) Diagram and (b) spectra of photoluminescence thermalized electrons in graphene. Reprinted with permission from Ref. [50]. Copyright (2017) American Chemical Society. (c) Diagram and (d) spectra of photoluminescence non-thermalized electrons in graphene. Reprinted with permission from Ref. [22]. Copyright (2012) Elsevier. 
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Figure 13. (a) Raman spectra of (from top to bottom) monolayer graphene, highly oriented pyrolytic graphite (HOPG), single-wall carbon nanotube (SWNT), single-wall carbon nanohorns (SWNH) and hydrogenated amorpous carbon. The label for the main bands is reported. Adapted with permission from Ref. [55]. Copyright (2010) American Chemical Society. (b) Raman spectra of defected monolayer graphene. Adapted with permission from Ref. [54]. Copyright (2017) Cambridge University Press. 
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Figure 14. (a) Phonon dispersion relation for graphene along the direction connecting the high-symmetry points  Γ ,  K , and  M . The phonon branches are labeled in accordance with their type of atomic displacement. Various Raman contribution is indicated, as well as the corresponding range of phonon wavevector. (b) Phonon density of states (DOS) of graphene. The contribution of Raman mode at different phonon frequency is indicated by color. Adapted with permission from Refs. [56,57]. Copyright (2011) American Physical Society and (2018) Elsevier. 
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Figure 15. Phonon modes of single-layer graphene at wavevector equal to (a)   q ≈ Γ   and (b)   q ≈ K  . Each mode is indicated by the symmetry of wavevector, the space group label in Mulliken notation, and by the type of the corresponding atom displacement. Adapted with permission from Ref. [54]. Copyright (2017) Cambridge University Press. 






Figure 15. Phonon modes of single-layer graphene at wavevector equal to (a)   q ≈ Γ   and (b)   q ≈ K  . Each mode is indicated by the symmetry of wavevector, the space group label in Mulliken notation, and by the type of the corresponding atom displacement. Adapted with permission from Ref. [54]. Copyright (2017) Cambridge University Press.



[image: Carbon 05 00067 g015]







[image: Carbon 05 00067 g016 550] 





Figure 16. Raman scattering processes in graphene which determine the (a) G band, (b,c) D’ band, (d) 2D’ band, (e) D band, (f,g) 2D and D + D” bands, and (h) D + D’ band. The light induced electron-hole pair generation and the following recombination are indicated by blue and red arrows, respectively, whereas the phonon (  q p  ) and the defect (  q d  ) scattering are indicated by dashed and dotted arrows, respectively. Adapted with permission from Ref. [58]. Copyright (2013) Springer Nature. 
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Figure 17. (a) Scheme of laser energy influence on scattering process for 2D mode (b) Peak position dispersion of D + D” and 2D bands for various laser energies. Reprinted with permission from Ref. [59]. Copyright (2007) American Physical Society. (c) Intensity change of G band for increasing laser energy, whereas the other resonant bands do not show any enhancement. Adapted with permission from Ref. [53]. Copyright (2017) Wiley. (d) Heat dissipation for suspended and supported graphene. (e) Shift of G peak position as effect of laser power. Reprinted with permission from Ref. [61]. Copyright (2008) American Chemical Society. 
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Figure 18. Evolution of (a) optical contrast and (b,c) G band intensity of graphene by increasing the number of layers. Panels (a,b) are reprinted with permission from Ref. [68]. Copyright (2018) Wiley. Panel (c) is reprinted from Ref. [67]. Copyright (2007) American Chemical Society. 
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Figure 19. (a) Lorentzian component of 2D band for single-layer graphene, multi-layer graphene and HOPG characterized by various numbers of layer. Reprinted with permission from Ref. [70]. Copyright (2010) American Institute of Physics. (b) Splitting of conduction and valence band of two-layer graphene where four 2D scattering processes are possible. Adapted with permission from Ref. [42]. Copyright (2013) Wiley. 
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Figure 20. (a) Scheme of Fermi velocity influence on scattering process for 2D mode related to graphene folding. (b) Raman spectra of folded graphene compared to single- and double-layer graphene. Adapted with permission from Ref. [71]. Copyright (2008) American Physical Society. 
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Figure 21. Typical defects in graphene: (a) pristine graphene, (b) monovacancy defect, (c) double-vacancy defect, (d) 555-777 defect, (e) 5555-6-7777 defect, and (f) Stone-Wales defect. Adapted with permission from Ref. [72]. Copyright (2013) American Chemical Society. (g) Representative model of graphene oxide. Adapted with permission from Ref. [89]. Copyright (1998) Elsevier. (h) Raman spectrum of graphene subjected to ion bombardment at various irradiation doses (1011, 1012, ... Ar ions cm−2). (i) Relative intensity between D and G bands (ID/IG) on increasing the interdefect distance LD. Adapted with permission from Ref. [87]. Copyright (2010) Elsevier. 
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Figure 22. (a) Different edge structures for graphene: zigzag (blue) and armchair (red), and their respective momenta transferred to scattered electrons (  d z   and   d a  ). (b) Wavevector change by scattering at different types of edge, and consequent contribution to Raman scattering bands. Adapted with permission from Ref. [53]. Copyright (2011) Wiley. 
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Figure 23. (a) Raman spectra of defective graphene produced by fluorination (saturated defects) and anodic bonding (unsaturated defects). (b) Linear dependence between the ID/ID’ ratio for graphene featuring different types of defects. Adapted with permission from Ref. [92]. Copyright (2012) American Chemical Society. 
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Figure 24. Modification of peak frequency of (a) G, and (b) 2D bands as effect of uniaxial strain. In the former panel, the splitting of G band in the two G+ and G– bands can be observed. Reprinted with permission from Ref. [98]. Copyright (2009) American Physical Society. 
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Figure 25. (a) Interaction between phonon and virtual electron-hole pair. Modification of (b) bandwidth (c) peak frequency for G band on varying doping. Adapted with permission from Ref. [101]. Copyright (2006) American Physical Society. 
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Figure 26. Modification of peak frequency of (a) G band and (b) 2D band, (c) G bandwidth, and (d) ratio between G and 2D integrated intensity for graphene doped by gate voltage application. Reprinted with permission from Ref. [102]. Copyright (2008) Springer Nature. 
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Figure 27. (a) G-2D map of graphene in various doping and strain configurations. Each point corresponds to a given G and 2D peak position extracted from a given spectrum. The map is described by three independent axes: doping (n) by distinguishing between p (red) or n (blue) doping, strain (ε), and Fermi velocity variation (ΔvF/vF, black) (b) doping influence on I2D/IG. Adapted with permission from Ref. [109]. Copyright (2013) American Chemical Society. 
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Figure 28. Representative depiction of graphene produced by (a) mechanical exfoliation, (b) liquid-phase exfoliation, (c) electrochemical exfoliation, and (d) reduced graphene oxide (rGO) obtained from graphene oxide (GO). 
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Figure 29. Representative depiction of graphene (Gr) or N-doped graphene (N-doped Gr) produced by (a) chemical vapor deposition, (b) thermal annealing of amorphous carbon (am-C) (c) solvothermal synthesis, and (d) epitaxial growth on   SiC  . 
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