
Computational Materials Science 194 (2021) 110423

Available online 9 April 2021
0927-0256/© 2021 Elsevier B.V. All rights reserved.

Polaron transport in porous graphene nanoribbons 
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A B S T R A C T   

Porous graphene (PG) forms a class of graphene-related materials with nanoporous architectures. Their unique 
atomic arrangements present interconnected networks with high surface area and high pore volume. Some 
remarkable PG properties, such as high mechanical strength and good thermal stability, have been widely 
studied. However, their electrical conductivity, and most importantly, their charge transport mechanism are still 
not fully understood. Herein, we employed a numerical approach based on a 2D tight-binding model Hamilto
nian to first reveal the nature of the charge transport mechanism in PG nanoribbons. Results showed that the 
charge transport in these materials is mediated by polarons. These carrier species are dynamically stable and 
present very shallow lattice distortions. The porosity allows for polaron-like charge carriers, and it can preserve 
the PG semiconducting character even in broader nanoribbons. The polarons move in PG within the optical 
regime with terminal velocities varying from 0.50 up to 1.15 Å/fs. These velocities are lower than those for 
polarons in conventional graphene nanoribbons (2.2–5.1 Å/fs).   

1. Introduction 

One of the most important goals of material engineering field is to 
conceive systems that combine the advantages of different materials for 
a given application [1–4]. For instance, the optical and mechanical 
properties of graphene sheets are very well established and celebrated 
[5,6]. However, this system lacks at least one crucial feature for its usage 
in optoelectronic devices, namely a finite bandgap [7–9]. The atomic- 
level control for structural modifications in the graphene sheet is argu
ably an option to give rise to related materials that present such desir
able properties [10–13]. The search for systems based on graphene is the 
rationale behind the great effort in investigating materials of different 
symmetries [14–16]. As graphene, all those systems are solely composed 
of carbon atoms. Their distinct configurations are reflected in very 
different behavior as far as electronic properties are concerned [17–19]. 
Among them, Porous Graphene (PG) has been successfully synthesized 
[20,21] and presented a direct band gap in the range of 2.3–3.2 eV 
[22,21], which is of the order of what is desired for an organic semi
conductor device [4,23–26]. Very often, polarons and bipolarons are 
responsible for the charge transport in graphene-based materials 
[27–29]. They are a product of the energetic interplay between the 

electronic and the lattice degrees of freedom. 
A usual procedure to obtain non-vanishing bandgap materials from 

graphene is to cut the sheet in narrow stripes of different widths and 
edges, thus yielding Nanoribbons [30–33]. The confinement effects of 
the wave function of the charge carrier in one dimension contribute to 
the arising of desirable properties from the mobility point of view 
[34–38]. The literature has dedicated some effort in the theoretical and 
experimental description of PG conducting properties in recent years 
[39–50]. Nonetheless, an investigation of the dynamics of the charge 
carriers in PG nanoribbon is still absent, even being crucial to the un
derstanding of the transport properties of this system. 

In this work, we studied the transport of charge carriers in PG 
nanoribbons by employing a two-dimensional lattice relaxation 
endowed Hamiltonian. To understand the time-dependent properties of 
the system, we conducted a time evolution of the degrees of freedom of 
both electrons and lattice parts of the system. The crucial issue 
addressed here concerns the very nature of the transport mechanism in 
PG nanoribbons. Based on our numerical approach, the findings 
revealed that polarons mediated the charge transport mechanism in PG 
nanoribbons. 
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2. Methodology 

PG nanoribbons are obtained by periodically extracting carbon 
atoms from an armchair graphene nanoribbons. The left side of Fig. 1 
represents a section of the resulting PG sheet, and the inset on the right 
shows the labeling of the sites to be used in the model. The dashed 
vertical lines represent PG nanoribbons of different widths. Note that 
these lines are just representing the limit for a particular ribbon width. 
In this sense, no dangling bonds are formed by cutting the lattice. The 
simulated systems have periodic boundary conditions in the vertical 
direction, as illustrated in Fig. 1. 

To correctly address the interplay between phonons and electrons, 
we resort to a hybrid model that combines classical and quantum 
treatments. In this sense, we applied the second quantization formalism 
of quantum mechanics to treat the electrons and the Euler–Lagrange 
equations to treat the lattice [51]. These two realms are connected by an 
electron–phonon coupling term that includes lattice relaxation to an 
otherwise two-dimensional tight-binding model [52]. As is typical in sp2 

hybridized carbon systems, the displacement of the atoms in graphene is 
limited so that the electronic transfer integral for π-electrons can be 
expanded in first-order [27], thus resulting in hopping terms such as 

ti,j = t0 − αηi,j. (1) 

In the equation above, t0 is the hopping integral of a regular lattice, α 
the electron–phonon coupling, and ηi,j are the variations in the bond- 
lengths of two neighboring sites i and j, as referred in the inset of Fig. 1. 

Considering the aforementioned expression for the hopping term, the 
resulting Hamiltonian is expressed as 

H = −
∑

〈i,j〉,s

(
ti,jC†

i,sCj,s + t*i,jC
†
j,sCi,s

)
+

1
2

K
∑

〈i,j〉

η2
i,j +

1
2M

∑

i
p2

i , (2)  

where 〈i, j〉 means that the sum is performed over the neighboring sites 
labeled according to Fig. 1; Ci,s (C†

i,s) is the π-electron annihilation 
(creation) operator on site i with spin s. The second term represents the 

harmonic modeling of the effective potential associated with σ-bonds 
between carbon atoms, with K being the corresponding Hooke constant. 
As pi and M are, respectively the atoms momentum and mass, the last 
term describes the kinetic energy associated to the sites. In a semi- 
empirical fashion we adopted the set of parameters most successfully 
reported in the literature: 2.7 eV for t0, 21 eV/Å2 for K, and 4.1 eV/Å for 
α [53–59]. 

By beginning from a given initial set of coordinates {ηi,j}, a self- 
consistent stationary solution (with pi = 0) of the system is deter
mined as follows: The ground state corresponding to the set {ηi,j}is ob
tained by diagonalizing the electronic Hamiltonian. The procedure also 
results in the determination of the eigenenergies of the system. From 
such states, it is possible to obtain the expected value of the system’s 
Lagrangean. This operator is then used in Euler–Lagrange equations, and 
a new set of coordinates is accordingly obtained. A new iteration takes 
place when one uses the new set of coordinates to write a new Hamil
tonian. The convergence criteria are observed by comparing the varia
tions in the corresponding system’s {ηi,j}and {ψk,i,s} between 
consecutive iterations. The procedure can be characterized as an auto- 
consistent calculation in which the set of coordinates {ηi,j} is associ
ated to the electronic set {ψk,i,s} [51]. 

Crucial to this work is the time evolution of the system. As our model 
is hybrid, although a coupled one, time dependence of the electronic 
part is performed differently from that of the lattice. For the electrons, 
the time-dependent Schrödinger equation is used, 

|ψk(t+ dt)〉 = e− i
ℏ H(t)dt |ψk(t)〉. (3) 

For the classical treatment governing the lattice part of the system, 
on the other hand, we adopted the Euler–Lagrange equations. Their 
solutions can be written as a Newtonian equation able to describe the 
movements of the sites in the system and is given by 

Fig. 1. Schematic representation of the PG nanoribbons studied in this work. Each dashed vertical line illustrates a nanoribbon of different width. The inset contains 
the labeling of the sites used in our model Hamiltonian. Note that the dashed lines are just representing the limit for a particular ribbon width. In this sense, no 
dangling bonds are formed by cutting the lattice. 
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Mη̈i,j =
1
2

K
(
ηi,j′ + ηi,j′′ + ηj,i′ + ηj,i′′

)
− 2Kηi,j +

1
2

α
(
Bi,j′ + Bi,j′′ + Bj,i′ + Bj,i′′

− 4Bi,j + c.c.
)
,

(4)  

where Bi,j ≡
∑′

k,sψ*
k,s(i, t)ψk,s(j, t) is the term that couples the electronic 

and the lattice degrees of freedom, and the prime means the summation 
is over occupied one-particle states. 

Another crucial aspect of the model is the presence of the external 
electric field E(t). This field is included by inserting a time-dependent 
vector potential, A(t), through a Peierls Substitution for the electronic 
transfer integrals of the system [52], making the hopping term 

ti,j = e− iγA( t0 − αηi,j
)
, (5)  

where γ ≡ ea/(ℏc), with a being the lattice parameter (a = 1.42 Å in 
graphene nanoribbons), e being the absolute value of the electronic 
charge, and c the speed of light. The vector potential relates to the 
electric field according to E(t) = − (1/c)Ȧ(t). The electric field is turned 
on adiabatically so as to avoid artificial numerical oscillations [60]. We 
adopted a potential vector to introduce periodic boundary conditions for 
the action of the external electric field. 

3. Results 

We begin our discussions by characterizing the charge distribution 
on porous nanoribbons of different widths, as depicted in Fig. 2. For all 
the cases, an electron is extracted from the chain, thus obtained a net 
+1e charged system [52]. The first feature to be noted is that as the 
nanoribbon gets broader, the charge is less concentrated. In Fig. 2, lat
tice regions with high charge concentrations are represented by the red 
spots. Although the overall trend is in accordance with the expected 
metallic behavior graphene sheets present [17,61], one can note that 
even for large widths the semiconducting character of the system, i.e. 
the carrier confinement trend, is preserved. This property can be 
attributed to the porosity of the system, as previous work with regular 
graphene nanoribbons have shown that the semiconductivity is a loss for 
large enough nanoribbons [27]. As a consequence, quasiparticles such as 
polarons tend to move substantially faster with the increase of the width 
[27,55]. Moreover, the charge localization is much smaller than the one 
previously reported in regular graphene nanoribbons of similar sizes 
[55,62]. These are solid indications that the nature of the charge carrier 
is not of a polaron, mostly for wider porous nanoribbons. 

Fig. 3 shows the distribution of C–C bond-lengths for the cases pre
sented in Fig. 2. One can note that the profiles for the charged systems 
are rather similar to that of the neutral ones, as can be noted in Fig. 2 
(a–f). This is particularly true for broader nanoribbons. A feature that 

Fig. 2. Ground state solutions for the charge carrier distribution on porous nanoribbons with different widths.  

Fig. 3. Bond-length distribution along the entire length of all the neutral and charged PG nanoribbons studied here.  
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can be inferred from Fig. 3(d–f) is that the bond-length configuration is 
not substantially altered from the width W3. The exception is presented 
in Fig. 3(a). In this case, the system resembles much more a regular 
graphene nanoribbon than a PG one. In broader cases, the peak around 
1.37 gets larger for wider nanoribbons indicating a convergence trend 
for the bond-length values when the system changes from nanoribbons 
towards a sheet with a high surface area. Again, this trend reinforces the 
argument that a somewhat different scenario from that of polarons takes 
place in these PG nanoribbons. Differently from polaron endowed reg
ular graphene nanoribbons, one can see in Fig. 3(b–f) that there is no 
substantial lattice distortions in the presence of charge when it comes to 
wider PG nanoribbons. 

In Fig. 4 we include an external electric field of 1.0 mv/Å and sim
ulates the charge dynamics of the W0-PG system, as a representative 
case. Fig. 4 presents the charge density time evolution. One can see that 
the charge is accelerated by the electric field, presenting a collective 
behavior for the excitations produced by the additional charge. This is a 

definitive demonstration that the transport mechanism is mediated by 
polarons, as is the case in pristine armchair graphene nanoribbons 
[27,55]. This is so because polarons are quasiparticles defined as the 
collective behavior that arises from the correlation between the charge 
and the phonon excitations. We noted that for the transport mechanism 
in PG nanoribbons, even in the narrower case studied here, there is a loss 
of energy related to the lattice conjugation that is transferred to quasi
particle. This energy transfer process is mediated by the electro
n–phonon coupling term and causes the rapid acceleration of the carrier. 
A similar trend was reported for the transport of bipolarons in Poly(p- 
Phenylene Vinylene) lattice [63]. It is worthwhile to stress that this 
transport mechanism is not observed in the case of regular graphene 
nanoribbons [27,52,55]. The results presented in Fig. 4 suggest that 
polarons are responsible for mediating the charge transport mechanism 
in PG nanoribbons. 

We conducted the same simulations for all the other widths and the 
same qualitative behavior is perceived, as shown in Fig. 5. The dynamics 
are different depending on the width of the system, as should be ex
pected from the different structures of the initial state of Fig. 2. As a rule 
of thumb, the broader the nanoribbon, the larger is the charge carrier 
mobility. Despite the already established difference in the transport 
mechanism, this is a feature that is also observed in other graphene 
nanoribbons [62]. The polarons move in PG within the optical regime 
with terminal velocities varying from 0.5 up to 1.15 Å/fs, as can be 
inferred from Fig. 5(a–e). These velocities are lower than those for po
larons in conventional graphene nanoribbons (2.2–5.1 Å/fs) 
[27,52,55,62]. As the electric field is turned on, the polaron moves, thus 
transporting the charge. In the wider cases, the polarons reach the end of 
the lattice very fast, thus returning to its beginning due to the periodic 
boundary conditions (see Fig. 5(b–e)). Since the charge movement may 
disturb the lattice generating phonons, the polarons encounter phonons 
produced by their own movement after crossing the periodic boundary 
conditions. This phenomenon introduced by boundary conditions choice 
affects the carriers producing the blurred pattern at 240 fs as presented 
in Fig. 5(b–e). 

Finally, Fig. 6 presents the time evolution of the band structure for 
the charged PG nanoribbons studied here. One can note the presence of 
energy levels inside the bandgap (red lines). These are the levels that 
characterizes the polaron states. Note that as the systems get broader, 

Fig. 4. Time evolution of the charge density for the system corresponding to 
W0 case. 

Fig. 5. Charge density time evolution of (a) W1, (b) W2, (c) W3, (d) W4, and (e) W5 PG nanoribbons.  
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the polaron levels approaches the conducting and valence band. As the 
system gets wider a more two-dimensional character prevails, thus 
explaining the fact that the intragap levels approach the bands. Even so, 
due to the width limitation of the PG nanoribbons, a semiconducting 
bandgap still takes place for the wider lattices. 

4. Conclusions 

In summary, we described polaron transport mechanism in porous 
graphene nanoribbons of different widths. So far, the literature had re
ported quasiparticles such as polarons and bipolarons to be responsible 
for the transport in conventional graphene nanoribbons [28,64–66]. By 
considering porosity, the one dimensional character that is typical of 
systems which exhibits such phenomena is present. It was also found 
that porosity works towards contributing to maintain the semiconductor 
nature of the nanoribbons, as we have seen that even broad nanoribbons 
possess a considerable finite bandgap. We noted that for the transport 
mechanism in PG nanoribbons, even in the narrower case studied here, 
there is a loss of energy related to the lattice conjugation that is trans
ferred to the charge carrier. This process is mediated by the electro
n–phonon coupling term and causes the rapid acceleration of the carrier. 
Importantly, this transport mechanism is not observed in the case of 
regular graphene nanoribbons [27,52,55]. In PG nanoribbons, the 
charge is accelerated by the electric field and there is no corresponding 
distortion following the center of charge. These results suggest that 
polarons are responsible for mediating the charge transport mechanism 
in PG nanoribbons. As a rule, the broader the nanoribbon, the larger is 
the charge carrier mobility. The polarons move in PG within the optical 
regime with terminal velocities varying from 0.5 Å/fs up to 1.15 Å/fs. 
These velocities are lower than the ones for polarons in regular graphene 
nanoribbons (2.2–5.1 Å/fs) [27,55,62]. 
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