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Influence of metric parameters on the electrical conductivity properties of
thin films of perforated graphene functionalized with carboxyl groups
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Using the density functional theory based tight binding method, we have in silico studied of the electrical
conductivity properties of thin films of perforated graphene with almost circular holes with a diameter of 1.2nm
and a neck width of 0.7—2nm. Patterns in the change of the electrical conductivity of the investigated films with
increasing neck width in different directions of the hexagonal graphene lattice were identified. It was found that
when the neck width was altered in ,,zigzag“ direction, the electrical conductivity changed abruptly in steps of
three, while in ,,armchair” direction it increased nearly linearly. To explain the observed patterns, the characteristics
of quantum electron transport in the studied films at various neck widths were analyzed.
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Introduction

One of the new fields of materials science is the study of
perforated two-dimensional (2D) nanomaterials [1]. Among
2D-perforated nanomaterials, one of the most promising and
demanded is perforated graphene (PG), which is a graphene
structure with a periodic array of holes of different sizes and
shapes with different spacing [2]. The structural features of
PG are characterized by two key geometric parameters:

1) ,periodicity, defined as a distance between the
centers of two adjacent holes;

2) ,cell width (W) defined as the lowest value between
the edges of two neighboring holes [3,4].

Modern synthesis technologies such as nanolithography,
catalytic oxidation/hydrogenation, photocatalytic cutting,
electrochemical pattern formation, and direct electron/ion
beam irradiation make it possible to obtain GP struc-
tures with geometric parameters that vary widely [5].
Researchers’ close attention to PG is explained by its
high specific surface area with a large number of useful
reaction/adsorption centers, significantly improved mass
and charge transfer, electronic structure with a tunable
band gap, as well as excellent mechanical, magnetic, and
photocatalytic properties [6,7]. Due to a variety of the
properties listed above, PG may be used in many different
technical fields [8,9]. In particular, PG is considered
as a promising candidate for replacement of graphene
nanoribbons in creation of field-effect transistors [10]. In
paper [3] using block copolymer lithography, the PG-based
field-effect transistors were manufactured, for which it was
experimentally established that the ratio of on and off
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currents |on/lof ¢ of the device can be adjusted by changing
the width of PG neck. In particular, with the width of
neck 7nm the coefficient lon/loff was more than 100.
Field-effect transistors based on PG nanoribbons with a
width of less than 10nm, synthesized using nanoimprint
lithography, are proposed in this paper [11]. It has been
shown that by reducing the width of PG nanoribbons, it
is possible to achieve an increase in lon/loss coefficient
of transistor. Compared to pure graphene, PG structures
are characterized by faster transverse ion diffusion, which
makes them a promising electrode material for energy
storage devices with improved performance. For example,
the specific capacity of pure PG in a non-aqueous electrolyte
is 1.4 times higher than that of pure graphene [12], and in
aqueous electrolytes — it is 1.5 times higher than that of
pure graphene [13]. It is possible to increase the specific
capacity of PG-based electrode, and hence improve energy
storage efficiency, by alloying the PG with other elements,
including nitrogen, phosphorus, and sulfur [14-16].

For the effective use of PG in electronic devices such as
transistors and sensors, it is important to be able to fine-
tune the electronic and electrically conductive properties
of PG-based nanomaterials. One of the possible ways
to solve this problem is to select the optimal geometric
parameters of PG, providing the required electronic and
electrically conductive properties. Using methods ab initio
the size of PG energy slit was predicted to be capable of
being tuned by varying the width of the neck, shape and
diameter of hole, as well as location of holes along ,,zigzag"
direction or ,armchair“ direction of graphene hexagonal
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lattice [17]. In [18], using the method of density functional
theory (DFT), it was shown that PG films with almost round
holes are characterized by the largest energy gap compared
to PG films with triangular and rectangular holes. Another
way to manage PG properties is through functionalization.

Currently, studies are being conducted to identify the
patterns of influence of various gas molecules on the
electron-energy and sensory characteristics of PG [19-21].
At the same time, these studies consider the situation
when gas molecules are adsorbed on a clean surface of
a PG. However, experiments on the synthesis of PG, as
well as an ordinary decanter, have shown the obligatory
presence of oxygen-containing groups [22,23]. These groups
should influence the electronic structure and electron-
energy parameters of PG due to high electronegativity of
oxygen. Earlier we studied the influence of C=O-groups on
electronegativity of PG films with various neck width [24].
The purpose of this work is to identify patterns of the
influence of neck width on the electrically conductive
characteristics of PG films functionalized with carboxylic
COOH-groups. The object of the study is thin films of
PG with holes of almost circular shape with a diameter of
1.2nm.

1. Research methods

The study was conducted using the density functional the-
ory formalism in the self-consistent charge density-functional
tight-binding approximation (SCC DFTB) [25] using open-
source software DFTB+ [26,27]. The SCC DFTB method
is chosen due to the polyatomic nature of the calculated
supercells, which contain several hundred atoms. The
equilibrium configuration of thin film supercells within
the framework of optimization was searched until the
values of interatomic forces became less than 104 eV-A~1.
The reciprocal space was partitioned according to the
Monkhorst-Pack scheme [28] using a mesh of k-points with
a size of 4 x 4 x 1 for optimization of the atomic structure
of supercells.

The electrical conductivity of the studied structures was
calculated within the framework of the Landauer—Butticker
formalism [29] according to the following formula

G =2€’/h / T(E)Fr(E — Er)dE, (1)
where T(E) — average electron transmission function,
Er — Fermi level of the electrodes, ez/ h — quantum
of conductivity, Fr — function of thermal broadening of

energy levels, defined as

1

Fr= 4kgT

sech? ( EZEB[IE'F ) : (2)

The coefficient 2 before the integral in formula (1) takes
into account the spin. The electron transmission function

T(E, k) is expressed as follows
T(E, k) = Tr (T's(E, k)G&(E, k)I'p (E, K)GE(E, k)), (3)

where GA(E,k) and GR(E,k) — leading and lagging
Green’s matrices describing the interaction of the simulated
system with electrodes, and T's(E, k) and TI'p(E, k) —
expansion matrices of electronic states of the source and
drain electrodes. The electric conductivity of the studied
films were calculated in the basis s- and p-of electronic
orbitals at a temperature of 300 K.

2. Construction of supercells of the films
of functionalized PG

The initial supercell of PG film consisting of 186 carbon
atoms was 2.46 x 2.55nm in size (in X and Y axes)
and the hole diameter ~ 1.2nm (Fig. 1,a). The neck
width was 0.74nm in ,zigzag® direction (X axis) and
0.99 nm in ,,armchair direction (Y axis) of graphene lattice.
The selected metric parameters correspond to the known
experimental data on PG synthesis [30,31]. PG supercells
with the increasing neck width in direction of X and Y axes
(Wx and Wy) was built on the basis of initial supercell as
follows:

1) the neck width Wy changed from 0.74 to 2.22 nm with
a spacing AWy = 0.24nm, at that the neck width W, was
equal 0.99 nm;

2) the neck width W& changed from 0.99 to 2.27 nm
with a spacing AWy = 0.42 nm, at that the neck width W
remained equal 0.74nm (Fig. 1,b). In total, we used 10
different supercells of PG to conduct our research.

The functional COOH-groups were covalently attached
to PG atoms located at the edges of the hole, since
unsaturated carbon bonds are present in this region. The
modeling of the functionalization process was carried out
step by step using the original methodology described in
detail in this paper [32]. According to this method, the
atom with the largest excess negative charge was selected
for the addition of COOH-group based on the partial

Figure 1. Initial PG supercell with a size of 2.46 x 2.55nm (a)
and extended fragment of this supercell with designation of the
neck width along ,zigzag“ (Wx = 0.74 nm) and along ,armchair
(W = 0.99nm) (b).
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Figure 2. Equilibrium atomic configuration of initial PG supercell
(size 2.46 x 2.55nm, neck width Wx = 0.74nm, Wy = 0.99 nm)
with nine attached COOH-groups (plan view and side view).

charge distribution calculated using Mulliken method for
all atoms of the supercell, and after adding each new
functional group, this distribution was recalculated. Figure 2
shows the equilibrium atomic configuration of the initial PG
supercell with nine COOH-groups attached (top view and
side view). As can be seen from the figure, the nearest
neighbors of PG atoms to which COOH-groups were
attached are saturated with hydrogen atoms. This was done
in order to avoid formation of unnecessary covalent bonds
between functional groups and the nearest neighboring
carbon atoms. Similarly, COOH- was functionalized by
groups of other PG super cells with increasing values of
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During numerical experiments on the covalent attachment
of COOH-groups to PG atoms, the binding energy E, was
estimated according to the formula

Ep = Epct+ncoon+mH — Ec — Encoon — Emn, (4)

where Epgincoon + MH — energy of PG supercell with
attached COOH-groups (N — number of groups) and
attached hydrogen atoms (M — number of fixed hydrogen
atoms), Epg, Encoon, Emi — energies of isolated PG,
COOH-groups and hydrogen atoms, respectively. The
calculation results showed that at different stages of func-
tionalization, E, takes values in the range from —80 to
—20MeV/atom. Negative values of Ep indicate that the
process of covalent attachment of COOH-groups to atoms
at the edges of PG hole is energetically advantageous, and
the resulting atomic configurations of the functionalized PG
are distinguished by thermodynamic stability.

3. Electrically conductive properties of
functionalized PG films with variable
neck width

Electric conductivity of PG films within this study was
assessed by the value of conductivity o calculated for the
two directions of the current transport: along ,zigzag“
(X) and along ,,armchair directions (Y axis) of graphene
hexagonal lattice. Before proceeding to the discussion of
the dependencies of o on the neck width for PG with
COOH-groups, let us recall the already well-known pattern
of changes in o with the growth of Wx and Wy for non-
functionalized PG, found in our previous study [33]:

1) PG structures are characterized by anisotropy of
electrical conductivity caused by non-uniform distribution
of the local density of electronic states (LDOS) across
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Figure 3. Curves of conductivity of o PG, functionalized by COOH-groups versus neck width when it is increasing along ,,zigzag“ (a)
and ,,armchair (b) directions for different directions of the current transport (,,zigzag” and ,armchair).
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Figure 4. Functions of transmission of PG functionalized with COOH-groups, in ,,zigzag“ (a) and ,,armchair* directions of the current
transport (b) at fixed value of the neck width Wy = 0.99 nm and values of the neck width Wk, varying in the range from 0.74 to 2.22 nm.

the atoms of PG supercell along ,armchair“ and ,,zigzag"“
directions;

2) with an increase of Wy, the value o demonstrates
the abrupt nature of change in both directions of current
transport, while with an increase in Wy ¢ it changes almost
monotonously.

Let’s now find out how o will change with an increase in
the neck width for PG in the presence of COOH-groups.
Fig. 3 illustrates the dependences o (W) (Fig. 3,a) and
o(Wy) (Fig. 3,b) for the supercells of the functionalized
PG. It can also be noted that the nature of change o
of the functionalized PG, in general, is similar to the
dependences o (W) and o (W) described in [33] for PG
with no COOH-groups. With an increase in the width of

the neck W, the value of ¢ changes abruptly (Fig. 3,a) in
both directions of current transport. The jumps step is equal
to three, whereas at Wy = 1.24nm and Wy = 1.98 nm o it
is decreased almost to zero (below 0.1 uS/nm). With an
increase in the neck width Wy, the value of o does not
change by jumps, but demonstrates growth close to linear
(Fig. 3,b). Also the conductivity anisotropy persists: the
difference in values o between ,armchair“ and ,zigzag*
directions of the current transport makes ~ 3 times for
the initial supercell with minimal sizes Wx and Wy, and
with enlarged neck width Wy this difference declines by 2
times in the maxima, with the neck width growth Wy
it rises up to 5 times. Compared to non-functionalized
PG, only the values assumed by the electrical conductivity

Technical Physics, 2025, Vol. 70, No. 5
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Figure 5. Functions of transmission of PG functionalized with COOH-groups, in ,zigzag“ (a) and ,,armchair” directions of the current
transport (b) at fixed value of the neck width Wx = 0.74 nm and values of the neck width Wy, varying in the range from 0.99 to 2.28 nm.

o are changing. In particular, with the enlarged neck
width Wx the maxima o take values 15—24 uS/nm for
the functionalized PG and 46—54uS/nm for the non-
functionalized PG with current transport along ,,armchair
direction, whereas with current transport along ,,zigzag" the
values 0 make 5—11 uS/nm for the functionalized PG and
15—21 uS/nm for the non-functionalized PG. The difference
in values o between non-functionalized and functionalized
PG is explained by the phenomenon of charge transfer
from PG atoms to COOH-groups described in [32] during
formation of a covalent compound between them. In turn,
the electrical conductivity o of both functionalized and non-
functionalized PG is higher than that of a conventional
graphene sheet (~ 3uS/nm in both directions of current
transport according to our SCCDFTB-calculations).

To explain the patterns of behavior observed in Fig. 3 o,
including quantitative changes in the ratios of values o
between the two directions of current transport, we present
graphs of the electron transmission function T(E) for
supercells of functionalized PG with different neck widths
Wy and Wy. Fig. 4 shows the dependencies T(E) for the
case of enlarged neck width Wy. It can be clearly seen that
the stepwise change of o in Fig. 3,a is explained by the
expansion or narrowing of the transport slit (the length of
the energy range in which T(E) becomes zero) at different
values of the neck width Wy (Fig. 4,a). In particular, at
Wy = 1.24 and 1.98nm, when o drops to almost zero, the
width of the transport slit in both directions of current
transport is 0.48 and 0.38¢V, respectively, while at the
maximum points o it is on the order of 0.1eV and less.
It also follows from Fig. 4 that the values T(E) near the
Fermi level (4.72—4.74 eV depending on the values of Wk
and Wy) in,,armchair direction of the current transport is
several times larger than in ,,zigzag™ direction. For example,
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at Wx = 0.74nm and Wy = 0.99 nm (initial PG supercell)
the values T(E) in ,,armchair” and ,,zigzag”“ directions differ
by ~ 3 times, and at Wx = 1.98 nm and Wy = 0.99 nm — it
differs already by ~ 2 times, which explains the anisotropy
of conductivity in Fig. 3.

Fig. 5 shows the dependencies T(E) for the case of
enlarged neck width Wy. It can be seen from the graphs
in Fig.5 that both in case of current transport along ,,zigzag*
direction and current transport along ,,armchair” direction,
a narrowing of the width of the transport slit is observed,
and the magnitude of this narrowing is proportional to
the increase in the coefficient showing the ratio between
the values o in two directions of the current transport.
Thus, at Wx = 0.74nm and Wy = 1.42nm the transport
slit makes ~ 0.06¢eV, which corresponds to the almost
threefold increase of o in ,,armchair direction compared to
,»Zigzag” direction, and at Wx = 0.74nm and Wy = 2.28 nm
the transport slit ~ 0.01 eV corresponds to the difference
by ~ 4.8 times between the values ¢ in different directions
of the current transport. In addition, as in the case of
widened neck width W, it can be noted that the number
of available conductivity channels, determined by the value
of function T(E), differs between ,zigzag” and ,armchair*
directions of current transport in favor of the latter.

Thus, based on the analysis, it can be concluded that the
electrically conductive properties of PG films functionalized
with COOH-groups can be enhanced or weakened by
varying the width of the neck.

Conclusion

Thus, based on the results of SCC DFTB calculations,
patterns of the neck width effect on the conductivity of
thin films of PG functionalized with COOH-groups along
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the edges of almost round holes with a diameter of 1.2nm
were revealed. The analysis of conductivity graphs o of
the studied films with different metric parameters showed
that by varying the neck width in ,zigzag“ direction, the
effect of switching current between states with high and
almost zero conductivity can be realized in the structures of
the functionalized PG, and by changing the neck width in
»armour direction, it is possible to achieve multiple (4—5)
increase of o, which is critical for the operation of transistor
and sensor devices based on similar graphene nanomaterials.
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