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Abstract—In this paper, the carrier mobility in graphene 
nanoribbons(GNRs) is studied. The total carrier mobility 
calculation includes four scattering mechanisms: surface polar 
phonons (SPP) scattering, intrinsic acoustic phonon scattering, 
line-edge roughness scattering, and Coulomb scattering. Carrier 
SPP scattering rates for five high-κ dielectric materials, including 
SiO2, Al2O3, HfO2, ZrO2 and AlN, are calculated based on 
Mahan’s theory. SPP scattering turns out to be important for 
GNRs with small width. Compared to other dielectric materials, 
AlN is more capable of suppressing both SPP scattering and 
Coulomb scattering. 
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I.  INTRODUCTION  
Graphene with a high mobility of 2×105 cm2/(V s) [1] 

has drawn great research interest, especially in recent years. 
The success in fabricating sub-10 nm width graphene 
nanoribbon (GNR) field-effect transistors (FETs) [2] shows 
that GNRs are a promising material for next-generation 
microelectronic devices channel materials and interconnect. 
This, however, leads to decrease in carrier mobility, which 
should also be greatly considered. High-κ dielectric materials, 
which are extensively used as gate dielectrics to enhance the 
ability to control the gate, can have a large influence on 
channel carrier mobility [3]. Due to the polar nature and soft 
bond of high-κ dielectrics, the carriers in a channel are easy to 

couple with phonons at the dielectric interface created by the 
long-range polarization field in high-κ dielectric materials. 
Several research works have been conducted on the influence 
of gate dielectrics on carrier mobility in graphene [4][5]. 
Theoretical calculations of carbon nanotube (CNT) mobility 
reflect that surface polar phonons (SPP) scattering originating 
from the dielectric can be quite strong for polar substrates for 
small diameter CNTs [6]. To the best of our knowledge, SPP 
scattering in GNR has not been addressed up to now. In this 
work, the gate dielectric influences are studied by exploring 
the coupling between the SPP of different dielectrics and the 
electrons in GNRs. Moreover, four scattering mechanisms, 
including acoustic phonon (AP) scattering, optical phonon 
scattering, screened Coulomb scattering, line-edge roughness 
(LER) scattering, are compared to understand their effects on 
total carrier mobility.  

 

II. THEORETICAL MODEL 

A. SPP scattering 
In our work, two transverse optical phonon modes 

exhibiting the largest oscillator strength are considered for five 
dielectrics. In bulk dielectrics, the frequency dependence of 
the dielectric constant can be written as [3]  

 

 ( )
0

2 2 2 2
2 11 1

i i
ox ox ox ox

ox ox
TO TO

ε ε ε ε
ε ω ε

ω ω ω ω

∞
∞ − −

= + +
− −

 (1) 

 
where the subscript ox is for a general dielectric; ߝ௢௫

଴  and ߝ௢௫
ஶ  

are low- and high-frequency permittivity of the dielectric, 

 
Figure 1. Schematic representation of the GNRs and SPP that cause 
scattering of mobile carriers: (a) top view and (b) cross section. 

 
Table I. Surface polar phonon modes for different dielectrics. 

Parameters have been taken from [3]. 

Quantity(units) Dielectrics 
SiO2 Al2O3 AlN ZrO2 HfO2

௢௫ߝ
଴  3.90 12.53 9.14 24.0 22.00

௢௫ߝ
௜ 3.05 7.27 7.35 7.75 6.58 

௢௫ߝ
∞ 2.50 3.20 4.80 4.00 5.03 

԰߱௦ଵሺܸ݉݁ሻ 61.0 56.1 83.8 27.2 21.3 
԰߱௦ଶሺܸ݉݁ሻ 149.0 110.1 113.8 79.2 55.1 
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respectively; ωTO1 and ωTO2 are the angular frequencies of two 
transverse optical phonon modes; and ߝ௢௫

௜  is an intermediate 
permittivity describing the dielectric response at some 
intermediate frequency ωint, such that ωTO1 ≤ ωint ≤ ωTO2. 

Neglecting the dielectric response of the thin GNR layer 
and assuming a semi-infinite dielectric shown in Fig.1, the 
frequencies of the corresponding surface modes are 
determined by the equation εox(ω) + 1= 0, where “1” in the  
equation is the dielectric constant for vacuum, which indicates 
that we are examining the surface polar phonons at the 
interface between dielectric and vacuum.  

The scattering potential of the ith phonon for mode q at 
position r=(x,y,a) on the GNR surface can be calculated as 
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where Pq(R) is the polarization field for mode q at spatial 
position R, a is the distance between GNR, Fi is treated as the 
interaction term to calculate the electron-SO phonon scattering 
rates[7], Ω denotes the semi-infinite dielectric and e0 is the 
electron charge. The above potential is then transformed into 
k-space to obtain the interaction matrix elements as 
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where φn(k,r) is the wave function of armchair GNR [4][8]  
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where S represents the surface area of GNR, and n and n’ are 
the quantum numbers of the initial and final states, 
respectively. When n ≠ n’, it represents the inter-band 
scattering, whereas, when n = n’, it represents the intra-band 
scattering. k=(kn, ky) is wave number in the k-space, where kn  
represents the quantum-allowed transverse wave number for 

semiconducting armchair GNR with discrete values depending 
on the width W; that is,  kn=±nπ/3W, with n = ±1, ±2, ±4, 
±5, … .  θn = atan (ky / kn ). Tn’n is an integration defined as 
follows: 
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where 
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 ΔK = 4π/3a0 is the distance between two Dirac points in the k-
space for 2D graphene band structure, with a0 = 2.46Å  being 
the lattice constant of graphene. The relaxation time of the nth 
sub-band is derived as follows: 
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where Ek and Ek’ are the energy in the initial and final sub-

bands, respectively.   ݊஻
ି ൌ 1/ሾ݁

԰ഘೞ
ೖ೅ െ 1ሿ and ݊஻

ା ൌ 1 ൅ ݊஻
ି are 

the phonon number for the absorption and emission processes, 
respectively. ԰߱௦௜ is SPP phonon energy. This scattering rate 
includes contributions from the nth sub-band (intra-band 
scattering) and neighboring sub-bands (inter-band scattering). 
Note that the chirality of GNR energy gap is included in the 
relaxation time calculation. 
 

B. Mobility 
Four scattering mechanisms are considered to calculate 

for total carrier mobility: SPP scattering, Coulomb scattering, 
AP scattering, and LER scattering. LER scattering plays a 
significant role for small width GNRs. In the LER scattering 
calculation, we treat the width as a function of transportation 
axis. It leads to a modulated band gap and results in the 
fluctuations in the band-edge potential which induces the 
scattering of the carriers.  
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To calculate the mobility for the nth sub-band, the 
formula μn=σn/e0ρ1D is used, where σn is the conductance due 
to the nth sub-band and ρ1D is the total electron density. The 
1D conductance for the nth sub-band is from [11]  
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where vg(E) is the electron velocity in the transport direction 
for the nth sub-band, f(E) is the Fermi-Dirac distribution 
function, and τn(E) is the relaxation time for the nth sub-band. 
For SPP scattering, τn(E) is derived from Eq. (7), and for 
Coulomb scattering, AP scattering, and LER scattering, τn(E) 
is obtained following [9]. For Coulomb scattering, the surface 

impurity density is set to 1×1011
 cm-2 with a distance of 1 nm 

from the surface. Other parameters in the scattering model can 
be found in [9]. Eight sub-bands are taken into account in the 
calculation of the carrier mobility arising from a certain 
scattering mechanism. The zero-point energy is defined in the 
midpoint of the first conduction band and valence band. 

The mobility arising from a certain scattering mechanism 
is the sum of all the sub-band contributions, which can be 
obtained from [12]: 
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where ߩଵ஽ ൌ ∑ ௡௡ߩ . The nth sub-band electron density is 
calculated using 
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And Ecn is the bottom of each sub-band. After determining the 
carrier mobility from each scattering mechanism, the total 
carrier mobility can be obtained using Matthiessen’s rule 

 

III. RESULTS 
Fig. 2(a) shows that the SPP scattering mobility increases 

exponentially with the distance between GNR and the surface 
of the dielectric substrate for different dielectric materials. 
This tendency can be easily understood in terms of Eq. (2), in 
which the amplitude of the dielectric polarization of the 
surface polar phonon decreases exponentially with the 
distance from the surface of the dielectric substrate. This 
property suggests a method for weakening the SPP scattering 
of high-κ dielectric by inserting a thin low-κ dielectric 
material layer between high-κ dielectric and channel materials 
consistent with recent experiment [10]. Fig.2 (b) shows the 
SPP scattering mobility of GNR and CNT for SiO2 dielectric. 
The GNR width is taken to be the same as the CNT perimeter. 
Although the geometry and boundary conditions of GNR and 
CNT are different, we assume the mobility of the two 
materials to be similar because of the similarity of the wave 
function and the band structure. The SPP scattering mobility 
of CNT is taken from [6]; in which only intra-band scattering 
is considered. If inter-band scattering is also neglected in the 
calculation of the SPP scattering mobility for GNR, the two 
results are quantitatively consistent. When inter-band 
scattering is added in the calculation, however, the SPP 
scattering mobility will have a distinct discrepancy. This 
indicates that the inter-band scattering should not be neglected 
in calculating for the SPP scattering mobility. 

 
(a) 

 
(b) 

Figure 2 (a) Carrier mobility due to the SPP scattering 
mechanism on a 5-nm-wide GNR as a function of the distance 
between GNR and the surface of the dielectric with Fermi 
energy level EF=3/8 Eg.  (b) Carrier mobility due to SPP 
scattering as a function of the GNR (CNT) width (perimeter), 
where temperature is 300K and EF=0. The distance between 
GNR and the surface of the dielectric is 0.4nm. 
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Fig. 3 shows the relationship between GNR width and total 
carrier mobility for different dielectrics. For SiO2 gate 
dielectric, the experimental mobilities [2] are less than 100 
cm2/(V s) for a 2 nm-wide GNR and less than 200 cm2/(V s) 
for a 3-4 nm-wide GNR. These are consistent with our 
calculations. To clarify the influence of each scattering 
mechanism on total carrier mobility for different dielectrics, 
Fig. 4 shows the carrier mobilities arising from different 
scattering mechanisms as a function of GNR width for SiO2, 
Al2O3, and AlN at room temperature. When GNR width is less 
than 4nm, the LER scattering dominates the total mobility. As 
the width increases, the surface polar phonon scattering 
becomes dominant and the LER scattering becomes trivial, 
especially in Al2O3 and AlN. In SiO2, the mobility is mostly 
influenced by Coulomb scattering. Since the dielectric 
constants of Al2O3 and AlN are much higher than that of SiO2, 
their Coulomb scattering is also much smaller. However, SPP 
scattering becomes dominant when GNR width is larger than 3 
or 4 nm. For AlN, both Coulomb and SPP scattering play 
important roles in determining total mobility. The SPP 
scattering of AlN is not as large as in Al2O3 because of its 
strong bond. This is similar to SiO2. Meanwhile, the Coulomb 
scattering of AlN is much less than that of SiO2. Therefore, 
AlN has the highest mobility at room temperature and may 
serve as a good gate dielectric.  
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Figure 4 Mobility due to the different scattering 
mechanisms for GNR with EF=3/8 Eg as a function of GNR 
width for SiO2, Al2O3, and AlN. The distance between GNR 
and the surface of the dielectric is 0.4nm. 
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Figure 3 Total Mobility of GNR as a function of GNR 
width for different dielectrics. Temperature is 300 K 
and EF=3/8 Eg. The distance between GNR and the 
surface of the dielectric is 0.4nm. 
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