Sumer Journal for Pure Science (ISSN: 2790-7031)
SJPS 2023 (December), Vol. 2, No. 2, p.p.: 157-172

The Influence of Various Impurities on the Electronic Properties of
the n-Triangulene Graphene Nanoflakes

Tuga A. Omeer * and Mohammed H. Mohammed 12~

!Department of Physics, College of Science, University of Thi-Qar, Nassiriya 64000, IRAQ.
Department of Physics, College of Science, Southern Illinois University, Carbondale, 1L62901 USA.

Abstract:

The electronic properties of the n-triangulene graphene nanoflakes (nT-GNFs)
are investigated with and without various concentrations of (Si, P, Ge, and As ) impurities
in different locations via using DFT methods. Results showed very fascinating results. The
3T-GNFs, 4T-GNFs, 5T-GNFs, and 6T-GNFs have semiconductor behaviors. So, the
electronic band gap is depended on the type and site of the impurity. By using the same
locations of impurities in all structures, but with different impurity, the electronic band gap
is altered. We detected that all structures became more stable and lower reactive with these
impurities in different sites due to the total energy is increased. Also, some of these
structures have weak interact with others structures. There are higher energy required to
donating/accepting an electron to become cation/anion. In brief, the results shown the
electronic properties of all structures depended on the type and location of the impurity.
Then, we can use these impurities to enhancement the electronic properties of the nT-GNFs.

Keywords: DFT; nT-GNFs, various impurities-doped nT-GNFs; electronic band gap; total
energy.
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Graphene has recently been the subject of in-depth study by a number of academics due to
its intriguing features and prospective applications [1-3]. For instance, graphene's strong carrier
mobility, high saturation velocity, and long spin diffusion length have made it possible to create
intriguing electronics and spintronics based on graphene. Graphene is not suited for transistor
applications, however, because it lacks an energy band gap[3-8]. Graphene can be sliced into
graphene nanoflakes as a way to make a finite band gap in it. However, the shapes, sizes, and
environmental factors that affect graphene nanoflakes' behavior can be quite important [9]. It is
critical to comprehend how these components affect the properties of graphene nanoflakes in order
to take full advantage of graphene's enormous promise in electronics and spintronics [10].

The research community has shown a great deal of interest in the narrow graphene strips
known as graphene nanoribbons, which are one of the numerous possible configurations of
graphene nanoflakes. These strips are considered to be promising quasi-one-dimensional materials
for electronic nanodevices [4, 11-13]. On the other hand, other graphene flakes might also be
interesting investigating. The on-surface synthesis of triangulene, a molecule with two unpaired
electrons, has just recently proven successful. To make triangle-shaped graphene nanoflakes that
can be enlarged from triangulene, however, this unique method of chemical synthesis may be
applied in the near future. Therefore, the focus of this study is on a series of triangle-shaped
graphene nanoflakes [14].

In the present work, we will study various electronic properties of the nT-GNS (where n=3-6)
with and without different impurities of (Si, P, Ge , and As) impurities in the different locations to
develop the electronic properties of the nT-GFs. These properties are studied by utilizing DFT
methods.

1. Computational details

In this study, DFT calculations that were implemented in the Gaussian 09 package [15, 16]
with the basis set B3LYP/6-31G were used to optimize the structure of nT-GNFs [12, 15, 17-22].
We actually selected this basis set because it is adequate for related geometry optimizations of this
molecule [21-25]. The relaxing of the molecular structures was the first step in our computation.
After that, we looked at the molecules' electronic properties, including their electronic band gap
(Egap), total energy (E7), and Fermi energy level (Eg;). The highest-occupied molecular orbital
(Egomo) and lowest-unoccupied molecular orbital (E, ;o) €nergies were also examined. The
following relationships [26-30] were used to compute the electronic band gap and Fermi level
energy[23-29]:

Egap = Enomo — Erumo (1)
Ep = (Enomo — Erumo ) /2 (2)
We investigated the reactivity of these structures using the DFT approach and Koopmans

theorem. The ionization potential (I,), electron affinity (E,), electronegativity (Ey), chemical

hardness (H), chemical softness (S), and electrophilic (w), which were computed using the
following characteristics, are included in the description of the reactivity[7, 30]:
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2. The electronic properties of the n-triangulene graphene nanoflakes (nT-GNFs)

First, the geometrical structures of all nT-GNFs are optimized using DFT calculations.
After optimizing of all these structures of n-triangulene ( where n = 3 — 6), we indicated that this
method is very suitable to present all the above parameters due to these parameters being in
agreement with previous theoretical and experimental studies [31, 32]. Then, we have used this
method to calculate various electronic properties of all these structures.

We started by computing the electronic properties of 3T-GNFs, we detected that the 3T-
GNFs has a semiconductor behavior with electronic band gap is 0.175 eV, as shown in Table 1.
By computing the DOS, we detected that the shape of the DOS is changed ( see Fig.1) and the
electronic band gap is increased with replacing one C atom by Si impurity and it is increased more
by altering the location of Si impurity, as represented in Table 1. Also, it is increased when the H
atom is substituted by Si impurity compared with the pristine 3T-GNFs case due to the H atom has
an atomic radius smaller than Si impurity , but it still has semiconductor behavior. The Fermi level
is shifted up when the single C atom is exchanged with Si impurity, but it is shifted down when
the single H atom is substituted with Si impurity and C» is swapped by Si> impurities, as
represented in Table 1. Also, the electronic band gap is increased when the Si impurity is linked
up to the 3T-GNFs, as shown in Fig.2. So, it is depending on the site of Si impurity. Fermi level is
shifted up by using these locations of Si impurity.
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Figure -1 The electronic DOS of the pristine 3T-GNFs.
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Figure - 2 The electronic DOS of the 3T-GNFs with various sites of Si impurity.
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Figure -3 The electronic DOS of the Si impurity up to the 3T-GNFs .

For stability, the total energy of the 3T-GNFs is calculated. The results represented that
the 3T-GNFs became more stable and lower reactive due to the total energy being increased by
utilizing various concentrations of Si impurities in different locations. So, it is became more stable
by replacing the single H atom with a single Si impurity, as shown in Table 1.

For 4T-GNFs, we detected that the electronic band gap is reduced by using P impurity in
various locations, which are utilized in the 3T-GNFs, as presented in Figs.4-6 and summarized in
Table 1. However, it is increased by replacing a single H atom with a single P impurity, as
represented in Table 1. The results also displayed that the Fermi level is depended on the locations
of P impurity. So, it is shifted down, as shown in Table 1. The total energy of the 4T-GNFs is
increased, which led to making the structure became more stable and lower reactive, as displayed
in Table 1.
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Figure -4 The electronic DOS of the pristine 4T-GNFs.
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Figure -5 The electronic DOS of the 4T-GNFs with P impurity in different sites.
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Figure -6 The electronic DOS of the P impurity up to the 4T-GNFs .

By increasing the number of C atoms to become (5T-GNFs), we detected that the electronic
band gap is increased by using Ge impurity in different sites (in the same locations of impurities,
which is used in various cases), as exhibited in Figs. 7-9 and summarized in Table 1. But, it is
reduced when the single H atom is replaced with a single Ge impurity, as represented in Fig. 7(a).
We also found out that these structures became more stable due to the total energy is increased
with Ge impurity in different sites, as shown in Table 1.
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Figure -7 The electronic DOS of the pristine 5T-GNFs .
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Figure -8 The electronic DOS of the Ge-doped 5T-GNFs in different sites.
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Figure -9 The electronic DOS of the Ge impurity up to the 5T-GNFs .

For 6T-GNFs, the results show that this structure has a semiconductor behavior. By
utilizing As impurity in the same location, which is utilized in previous cases, we found out that
this structure has the same behavior, but it is reduced by using As impurity in different sites, as
displayed in Figs. 10-12 and summarized in Table 1. Moreover, this impurity affected on the
stability of this structure. So, it is became more stable with this impurity, as demonstrated in Table
1.
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Figure -10 The electronic DOS of the pristine 6T-GNFs.
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Figure -11 The electronic DOS of the 6 T-GNFs with As impurity in different sites.
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Figure -12 The electronic DOS of the impurity at different site in the 6 T-GNFs.
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Table 1- The electronic properties of the nT-GNFs with various impurities in various sites.

£
i3 Er a Enomo Erumo Egap Epp
4 Raiitebant (V) Debye) (V) (V) (V)  (eV)
Pristine 3T-GNFS
- ) . -23001.585 4.465 -3.495 -3320 0.175 -3.407
g Si-doped 3T-GNFs in site (1) -30836.205 6588  -3.059 -1.458  1.600  -2.258
O Si-doped 3T-GNFs in site (2) H -30860.992 1.157 4527 -2.346 2180  -3.436
- o -30875.493 1.411 3.792  -3.139  0.652 -3.465
Si-doped up to the 3T-GNS inssite (1)  .30875.487 1.024 -3.920 -2.740  1.179 -3.330
Si-doped up to the 3T-GNS in site (2)
- Pristine 4T-GNFs -34456.771 0.397 4221 -2.808  1.412 -3.514
L P-doped 4T-GNFs in site (1) -43694.428 6.971 -3.022 -2391 0.631 -4.217
o P-doped 4T-GNFs in site (2) -43727.595 2.918 4574  -2513  2.061 -3.543
kx| P-doped up to the 4T-GNFs inssite (1) ~ -30876.303 1.699 -3.794 -3.640 0154  -3.717
P-doped up to the 4T-GNFs insite (2)  -43739.631 0.924 -3.738  -3275  0.463 -3.506
" Pristine 5T-GNFs -47984.166 0.549 -3.771  -3.484  0.287 -3.627
L Ge-doped 5T-GNFs in site (1) -104394.861 10436  -3.266 -2.788  0.478 -3.027
O Ge-doped 5T-GNFs in site (2) -103390.576  0.631 3726 -3465 0260  -3.595
= Ge-doped up to the 5T-GNFs in site (1)  -104442.922 1.146 -3.693  -3.369 0.324 -3.531
Ge-doped up to the 5T-GNFs in site (2) -104442.469 1.649 -3.641  -3.369 0.272 -3.505
- Pristine 6 T-GNFs -63584.946 0.251 4104 -2.865  1.239 -3.484
% As-doped 6T-GNFs in site (1) -124305.528  11.217 -4511  -3.726 0.785 -4.119
O As-doped 6T-GNFs in site (2) -124347.049  2.101 4206 -2.932  1.273 -3.569
= | As-doped up to the 6T-GNFs insite (1)  -124361.136  1.459 -3.750 -3.475  0.275 -3.612
As-doped up to the 6T-GNFs in site (2)  -124359.315  1.698 -3.700 -3431  0.268 -3.565

By computing the ionization energy (Ip) and electron affinity (E4) for 3T-GNFs, we
detected that this structure requires a higher energy to donating/accepting an electron to become
cation/anion due to there is a higher value of the I, and lower of the E, with Si impurity in various
locations, except the site (1) has an opposite behaviour, as shown in Table 2. At the same time,
the electronegative (Ey) and electrochemical hardness (H) are computed for 3T-GNFs. This
structure needs a higher excitation energy to transfer electron due to there is a higher value of the
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Table 2 : Some electronic properties of all structures with various impurities in different sites.

g Type of dopants Ip E, Ey H S H o
- (eV) (eV) (eV) (eV) (eV) ev) (eV)
Pristine 3T-GNFs 3496 3320 3.408 0.088 5.697 -3.408 0.510
@ Si-doped 3T-GNFs in site (1) 3.059 1459 2259 0.800 0.625 -2.259 2.042
5 Si-doped 3T-GNFs in site (2) 4527 2346 3437 1.090 0459 -3.437 6.440
& Si-doped up to the 3T-GNS insite (1) ~ 3.792 3.140  3.466 0326 1532 -3.466 1.960
Si-doped up to the 3T-GNS insite (2)  3.920 2741  3.330 0590 0.848 -3.330 3.271
Pristine 4T-GNFs 4221 2809 3515 0706 0708 -3.515 4.363
@ P-doped 4T-GNFs in site (1) 3023 2392 2707 0316 1584 -2707 1157
5 P-doped 4T-GNFs in site (2) 4574 2513 3544 1031 0485 -3544 6471
S | Pdopeduptothe 4T-GNFsinsite(1) 3704 3640 3717 0077 6481 -3717 0533
P-doped up to the 4T-GNFs insite (2) 3739 3275 3507 0.232 2157 -3.507 1.426
Pristine 5ST-GNFs 3.772 3484 3628 0144 3480 -3.628 0.946
@ Ge-doped 5T-GNFs in site (1) 3.267 2789  3.028 0.239 2092 -3.028 1.096
5 Ge-doped 5T-GNFs in site (2) 3727 3466 3596 0130 3832 -359 0.844
| Ge-doped up to the 5T-GNFs in site (1) 3.693 3369 3531 0.162 3.08 -3.531 1.010
Ge-doped up to the ST-GNFs insite (2) 3641 3369 3505 0.136 3.675 -3.505 0.836
Pristine 6T-GNFs 4105 2865 3485 0.620 0.807 -3.485 3.763
@ As-doped 6T-GNFs in site (1) 4512 3726 4119 0393 1273 -4119 3.332
5 As-doped 6T-GNFs in site (2) 4206 2933 3570 0637 0785 -3.570 4.056
© | Asdopeduptothe 6T-GNFsinsite (1) 3751 3475 3613 0138 3631 -3613 0.899
As-doped up to the 6T-GNFs insite (2) 3701 3432 3566 0.134 3.719 -3566 0.855

H compared with pristine 3T-GNFs, as represented in Table 2. The results detected that the 4T-
GNFs and 5T-GNFs have a reverse behaviour compared with 3T-GNFs, excepted the P-doped 4T-
GNFs in site (2) has the same behaviour compared with 3T-GNFs. The 6T-GNFs has the same
behaviour of the 3T-GNFs, excepted the As-doped up to the 6T-GNFs in site (1) and site (2) have
the same behaviour of the 3T-GNFs, as represented in Table 2.

By computing the electronic softness (S) of all structures, we found out the S value
depended on the locations of the impurity. So, it is decreased with all these impurities in all
systems, which led to make these structures have a small separation between valence and
conduction bands compared with pristine cases. However, the P-doped 4T-GNFs in site (1), P-
doped up to the 4T-GNFs in sites (1 and 2), Ge-doped 5T-GNFs in site (2), Ge-doped up to the
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5T-GNFs in site (2), As-doped 6T-GNFs in site (1), and As-doped up to the 6T-GNFs in sites
(1and 2) have an opposite behaviour, as displayed in Table 2.

From the comparison of calculated the chemical potential (i) and electrophilic index (o)
of all these structures, the large absolute value of the p with the lower value of the @ (see Table 2)
led to make these structures have a weak interact with other structures or molecular. But, the Si-
doped 3T-GNFs in site (2), Pristine 4T-GNFs, P-doped 4T-GNFs in site (2), Pristine 6 T-GNFs,
and As-doped 6T-GNFs in site (2) have an opposed behaviour.

3. Conclusion

In this study, the electronic properties of the nT-GNFs with and without various
concentrations of (Si, P, Ge, and As) impurities are exanimated via utilizing DFT method. We
detected that the nT-GNFs is very sensitive to these impurities. So, the nT-GNFs became more
stable and lower reactive due to the total energy is increased by utilizing these impurities. Also,
the electronic band gap is altered, but it still has a semiconductor. We detected that some of these
structures have weak interact with others structures. There are a higher energy required to
donating/accepting an electron to become cation/anion. Briefly, the results exposed the electronic
properties of all structures depended on the type and location of the impurity. At that time, we can
use these impurities to improvement the electronic properties of the nT-GNFs.
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