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1. INTRODUCTION 

The Graphene nanoribbons (GNRs) are 

quasi-one-dimensional structures induced by 

quantum confinement along one in-plane 

direction [1,2]. The electronic and magnetic 

properties of GNRs have strongly dependence 

on the ribbon width and the geometry along  the 

boundary [3-7].       The nanoribbon has the 

finite band gap induced by the quantum 
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 دراسة أنتقال ألانكترونات خلال شريط نانوي ضيق من انكرافين

 عقيم محسن عهي

 جايعت انبصرة-أبحاد انبونيًريركز –قسى عهوو انًواد 

 تـــلاصـــخ  ــــان  انكهًاث انًفخاحيت:

 أَخقال الانكخروَاث

 شريط َاَوي كرافيُي

 حقريب انربط انقوي

بأسخخذاو يحاكااة الاَخقاال انكًاي بألاعخًااد عهاق  ريقات انًباادة الاونيات  أجرياج د اسات  

يٍ َوع حافت انكرسي وبخًس خطاو   انخيا  الانكخروَي في يسخوي شريط َاَوي يٍ انكرافيٍ

عرضيت. كاَج انوصهت ححج انذ است بأ وال يخخهفت وحى ححهيم دانت الاَخقال. حًج يلاحظات أٌ 

يُحُيااث انهداذ ـ انخياا  حخصارع حبعاا نًًيازة أشاباِ انًوصالاث وحخاأبر ك يارا بطاول انوصاهت. 

خضااع  عُاذيا يكاوٌ شاريط ويٍ انُخائج انًدًت في هذِ انذ است هو يلاحظات أٌ جداذ انعخبات ي

 .انكرافيٍ انُاَوي يشحوَا بانشحُت انًوجبت

 

mailto:aqeel.mohsin@uobasrah.edu.iq
http://dx.doi.org/10.31257/2018/JKP/2019/110209


JOURNAL OF KUFA–PHYSICS  |  Vol. 11, No. 2 (2019)  Aqeel Mohsin Ali 

   63 

confinement effect depending on its width of  

the transport channel, and band gaps suitable for     

room temperature applications are reached for 

widths in the low nanometer         regime 

[1,8,9]. On the other hand, the shortest ultrathin-

ribbons have promising applications in next-

generation Nano-electronic and optoelectronic 

devices. Many experimental approaches shown 

controlling the width and edge structures of 

ultrathin-GNRs. Recent experiments     have 

reported a surface based protocols to prepare 

atomically precise N=5, 6, 7, 8, 9, 10, 13, 15, 18 

and 21 AGNRs from small molecular 

precursors on Au(111) or Ag(111) single 

crystals [10-24]. Many theoretical studies have 

been devoted into investigating the electronic 

properties of AGNRs, such  as density 

functional theory (DFT) calculations, tight 

binding calculations, and many-electron green‘s 

function approach [25,26]. Most of the 

theoretical investigations have been carried out 

with DFT calculations, and other methods such 

as tight-binding calculations have been adapted 

to correct DFT calculations. Kimouche et al. 

described the synthesis of the 5-AGNR on the 

Au(111) substrate using the on-surface 

polymerization with dibromoperylene 

C20H10Br2 (DBP) as the molecular precursor 

[27]. They characterized two ribbon lengths (12 

and 20 zigzag lines) to highlight how the ribbon 

electronic states change with length. Their 

results demonstrated in ultrathin AGNR’s with 

short lengths of 4 nm reach near-metallic 

regime with ~200 meV. In addition, they 

confirm these theoretical predictions in long 

AGNRs that should exhibit metallic behavior   

with ~100 meV band gap. Based on 

Kimouche’s experimental results, Zhang et al. 

have evaluated the effect of pentagonal contacts 

on the transport properties of shorter 5-AGNRs 

by non-equilibrium Green’s functions combined 

density functional theory [28]. They show that, 

the conductance and the current can be tuned to 

be either smaller or larger than that of the 

perfect AGNR.  

The aim of this work is to make further 

understand for the electronic properties and 

transport properties of 5-AGNRs. The band 

structure and transmission is typically 

investigated by density functional tight binding 

(DFTB). The narrowest ribbons were selected 

based on the experimental study of Kimouche 

[27]. 

2. COMPUTATIONAL METHOD 

Fig.1  

Computations of geometrical optimizations, 

band structures and electron transport are 

performed by using the DFTB module 

implemented in Materials Studio software suite 

7.0 (Accelrys Inc.). Periodic boundary 

conditions are used and the inter-graphene 

distance was kept to a minimum of 50 Å to 

avoid lateral interactions. The armchair edges 

are fully passivated with hydrogen atoms. The 

Fig 1. shows the unit cell of ultrathin AGNR 

that used in this work. The geometry 

optimization was performed by using self-

consistent-charge tight-binding (SCC-DFTB). 

The Slater–Koster parameter file mio was 

employed in SCC-DFTB part of the 

calculations. The structures of the GNRs studied 

here are fully relaxed according to the forces 

and stress on the atoms using the conjugate 

gradient minimization until the maximum force 

tolerance being less than 0.02 eV/Å. Finite 

temperature Fermi smearing is used to control  

electron state population near to the Fermi level 

with temperature kT=0.001 Ha. The self-

consistent calculations are performed with a 

charge mixing  amplitude of 0.2, and the SCC 

tolerance is taken          as 1×10
−5

. 
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To perform reliable simulations, the transport 

calculations are carried out within the  

framework of density functional theory based 

SCC-DFTB combined with nonequilibrium 

Green’s function (NEGF) method. In addition, 

when referring to the length of a 5-AGNR here, 

we define the central channel region of the 

device has the width N=5 (the number of carbon 

atoms along the transverse direction) and 

channel length M= 4, 12, 20 and 28 (the number 

of zigzag lines within the channel region), and 

the graphene nanoribbons are denoted as M4, 

M12, M20 and M28. The central channel region 

is sandwiched in between the left (source) and 

the right (drain) AGNR electrodes with the 

same width as the channel and the semi-infinite 

length.  

A two-probe system made of two principal 

layers each one (~15.8 Å in length), a schematic 

device is shown in Fig 2. The SCC-DFTB 

Hamiltonian is used to calculate the 

transmission coefficients T(E, V), and the 

current-voltage  characteristics were calculated 

using Landauer-Buttiker formalism. A k point 

separation of 0.02 yield a good balance between 

computational time and accuracy in the results. 

 

  

3. RESULTS AND DISCUSSION 

3.1 Band structure 

First-principles calculations show that 

the infinite 5-AGNR possess a non-zero, 

direct band gaps  at the Γ point. This gap 

arises from both quantum confinement 

and the crucial effect of  the edges,  as 

shown in    Fig 3. The highest valance 

and lowest conduction bands originate 

from π- and     π∗-states, respectively. 

Unlike the perfect 2D graphene, where π- 

and π∗ -bands     cross at the K-corners 

of Brilluion zone, infinite 5-AGNR is a 

direct band gap material having band gap 

of small value Eg=103 meV. This value 

is agreed with the theoretical predictions 

and experimental measuring of 

Kimouche et al., where they confirms the 

actual HOMO–LUMO gap extrapolates 

to value of 100 meV in long     5-AGNRs 

(≥5nm in length). The armchair 

nanoribbon is therefore semiconducting, 

and shows partly-flat electronic band 
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structures near the Fermi energy, and the 

corresponding wavefunction is localized. 

The highest subband can be fitted by a 

parabola, and obtain an electron 

eff ective mass of m∗
e = 0.18 me. The 

hole   effective mass is m∗
h = 0.49 me. 

From the linear slope it can to extract the 

electron velocity             v = 0.39 × 10
6
 

m/s (the hole velocity is    0.15 × 10
6
 

m/s), which is smaller than the 

experimental value (3 × 10
6
 m/s ) [29-

31]. 

It is interesting to further note that for the    

5-GNRs-M, the band gap decreases as 

the ribbon length increases, where these 

values are in good agreement with 

Kimouche experimental gaps for M12, 

M20
+ 
and M∞, see table 1. 

 

The predicted band gaps have strong 

dependence on the strip length. An 

interesting point to notice is the fact that 

model calculations predict that the band 

gap of M20 is narrowed upon charging. 

As discussed in Kimoche paper, the 

charges transfer from the studied 5-

AGNR-20 to Au(111) substrate, 

indicating the presence of oxidation of 

ribbon M20 and reduction of substrate. 

The doping of graphene by metallic 

contacts can be described by charge 

transfer between the metal and graphene 

due to differences in work functions.  

               

 Table 1: Band gap at Γ point in 

compared with experimental values [27]. 

Property         Egcal (eV)      Egexp (eV) 

   

M4                2.03               --------  

M12              0.75              0.70 

M20              0.48              --------- 

M20+            0.20             0.20 

M28              0.21             --------- 

M∞               0.10             0.10 

In order to create a semiconductor with a 

desirable band gap the nanoribbon length 

should be adjusted accordingly. This 

property of adjusting the band gap makes 

graphene an excellent candidate for 

transistor switching. To provide for an 

intuitive understanding of the transport 

phenomena, the band structure of the 

scattering region in their primitive unit 

cell is shown in Fig 1. A direct band gap 

improves the carrier mobility because no 

phonon emission or annihilation is 

required to satisfy momentum 

conservation during the electronic 

transition. As plotted in      Figs 4, 5 and 
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6, the valence and conduction band edges 

exhibit flat features along the    Γ-X 

direction with very small dispersion in 

first Brillouin zone. The flat bands 

actually have small dispersions due to 

the direct hopping of electrons between 

adjacent edge atoms along the edges of 

the AGNRs. Therefore, the conductivity 

of considered systems in the armchair 

direction is low in this direction. 

 

 

Figure 4:  a) Calculated band structure of 5-

AGNRs-12. b) Valance band. c) Conduction 

band. The band structures are plotted along the 

high symmetry path: Γ (0, 0, 0) → X (0.5, 0, 0). 

The Fermi level is shifted to 0 eV. 

  

 

 

Figure 5: a) Calculated band structure of 5-

AGNRs-20. b) Valance band. c) Conduction 

band. The band structures are plotted along the 

high symmetry path: Γ (0, 0, 0) → X (0.5, 0, 0). 

The Fermi level is shifted to 0 eV. 
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3.2  Electron transport 

The predicted transmission functions are 

evaluated in order to investigate the 

electronic transport properties in the 

AGNRs. The Fig 7 illustrates the 

transmission probability (Tr) at zero 

applied voltage versus the energy of the 

five ribbons. The plots show the semi-

metal transition of  junctions. For the  5-

AGNRs, the two peaks present at the left 

and right sides of the Fermi level as the 

bias are zero. Undoubtedly, they 

respectively refer to the highest occupied 

molecular orbital (HOMO) and the  

lowest unoccupied molecular orbital 

(LUMO) of the systems. The finite gap 

in the transmission spectra means 

electron can transmit beyond a threshold 

bias voltage, which this feature may be 

utilized in fabrication of Nano-electronic 

devices. It is known that a transmission 

function against energy is quantized in 

an intrinsic AGNR with infinite length. 

In the G-AGNR-G system which is 

connect to semi-infinite graphene 

electrodes, the quantization is collapsed. 

Likewise, the step-like behavior of the 

spectrum is related with the available 

conductance channels due to bands. 

The transmission of 5-AGNRs show 

semiconductor characteristic with the 

energy windows as listed in table 2. The 

energy window of transmission enlarges 

with nanoribbon length increase. Our 

results show that, the presence of 

positive charge in M20
+
 strip tends to the 

appearance of a more wider gap in the 

conductance spectrum than the neutral 

system M20, Fig 8, because of it released 

an electron and deficient density of states 

near Fermi level. It indicates that by 

controlling the length or charge state, the 

conductance of the formed junction 

could be tuned to be either small or large. 

The transmission at a given electron 

energy is equal to the electron 

transmission probability times the 
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number of channels, but in case of 

perfect molecule, the transmission 

without scattering (i.e. transmission 

probability equal to 1) is simply equal to 

the number of channels. The magnitude 

of the change in transmission represents 

the sub-band degeneracy of the band 

structure and each contributes one 

channel for transmission. 

 

Table 2. Transmission window Tw and threshold 

voltage Vth. 

Property              Tw                   Vth 

(V)     

M4              -0.0      0.08          0.10  

M12            -0.0      0.10          0.10 

M20            -0.1      0.18          0.20  

M20+          -0. 2     0.46         0.40 

M28            -0.2      0.32         0.00 

 

 

Symmetric AGNRs behave as 

conventional semiconductors with the 

presence of a conductance gap around 

the Fermi level, and exhibit unexpected 

threshold current-voltage dependence 

with very small currents. The Current-

Voltage (I-V) characteristics for the 

structures, which is compared between 

each other, were studied by applying the 

voltage between 0.0V and 1.0V as shown 

in Fig 8. From the curves obtained it is 

observed that the graphene nanoribbons 

exhibit an interesting behavior. As 

shown clearly, the current in each device 

begins to flow at a different bias voltage, 

and the threshold of the junctions is 

sensitive to the length and charge state of 

the embedded 5-AGNR. This changed 

threshold voltage implies that the 

existence of structural effects on the 
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transport energy gap. Reflecting the 

distributions of the transmission 

functions, the electron transport property 

is semiconductor like conductivity. With 

the bias increasing, both of HOMO and 

LUMO extend gradually to the Fermi 

level and overlap at threshold bias 

voltage. Unambiguously, it is the overlap 

between HOMO and LUMO that forms 

the first transport channel in the perfect 

AGNR. Thus, the current starts to flow at 

this point. As a result, the current 

increases with the increase of the applied 

voltage as shown. With the increase of 

bias larger the threshold, the I-V curve 

presents a parabolic growth trend. The 

dependence of   the Dirac electron 

tunneling current on the source voltage 

for different 5-AGNR lengths is depicted 

in Fig 9. In addition, the 5-AGNRs band 

gaps is inversely proportional to the 

strips length. As the AGNR length 

increases, its band-gap decreases, hence 

less electron densities are allowed at 

Fermi energy. As a result, the Dirac 

electron tunneling current decreases. In 

the case of nanoribbon M28, for low bias 

voltages current flow is negligible. As 

the voltage bias is increased, at a 

particular voltage( cut-in voltage), 

conduction starts and a linear curve is 

obtained there on. 

 

As shown in Fig 10, M20
+ 

systems does 

not exhibit a significant current until 0.4 

V, larger than M20 threshold 0.2 V. 

Afterwards, at ~0.6 intersects the current 

curve of M20 and exhibit larger current 

than the uncharged system. The 

explanation of this large bias threshold is 

the charge state, where charge doping by 

interfacial charge transfer shifts the 

Fermi-level toward the valance band. A 

downward shift of the Fermi-level (p-

type charge-doping) decreases the 

electron densities at Fermi energy. On 

the other hand, the valance band of M20
+
 

crosses the Fermi level as shown in Fig 

6. According to this it is presence a 

nearly flat half occupied metallic band. 

Thus, the drain current beyond threshold 

bias will be larger than that of uncharged 

M20 system. 
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4. CONCLUSIONS: 

The band structures and transport 

properties of short ultrathin 5-AGNRs 

with diff erent lengths have been 

systematically investigated, using a 

nonequilibrium Green’s function 

formalism in combination with density 

functional tight binding method. The 

electronic behavior is modified by 

changing the length, since the 

nanoribbons present a direct band gap at 

the gamma point; nevertheless, the band 

gap is opened with the reduction of strip 

length. However, in 5-AGNRs, positive  

charge-doping introduces a flat half-

filled band, and induces a semi-metallic 

electronic structure by lowering the 

Fermi level. It has shown that the 5-

AGNR devices can exhibit remarkable 

semiconductor current behavior in spite 

of the presence of the transmission gap. 
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