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Theoretical elucidation of tuning the transport properties of nitrogen and boron
doped and co-doped single layer graphene quantum dots with adsorbed porphyrin
molecule by using non-equilibrium Green’s function and ab initio method was
Citation: Tarig M, Kalsoom A, Mirza M, investigated. The impacts of doping, co-doping of nitrogen, boron atoms on
Qureshi WA, Mubarik S, Mujahid A, transport properties such as density of state (DOS), transmission coefficient (TE) and

Batool Z (2022) Theoretical Elucidation of I h istics is d d Its sh d that the ad .
Tuning the Transport Properties of Doped current voltage characteristics is demonstrated. Results showed that the adsorption

and Co-Doped Graphene Quantum Dots of porphyrin molecule on un-doped GQDs layer increases the conductivity of GQDs
layer with Adsorption of Porphyrin layer. Moreover, the conductance mechanism of the devices in case of doping of
Molecule Using boron and co-doping of nitrogen, boron in GQDs layer with adsorbed porphyrin

Non-Equilibrium Green Function.

) i molecule may initially increases at the same rate but slightly lesser than un-
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N doped GQDs layer with adsorbed porphyrin molecule. It may be noted, that doping
kaﬁgc:::F;?S::::éf;?ﬁfiuK?;llfoom) of nitrogen in GQDs layer reduces the conductance drastically. Finally, we have

’ T concluded that adsorbed porphyrin molecule interacts strongly with un-doped
GQD:s layer. Theoretical studies suggested that we can use these graphene quantum
dots-based devices as a chemical sensor or as a switching device.
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INTRODUCTION Graphene is a single atomic layer that

Published By Hexa Publishers is firmly packed into a two-dimensional

ISSN solation of single layer from graphite ~ (2D) honeycomb lattice>®. Graphene is

Electronic: 2790-1963 has started new era of graphene and  the fundamental component of all the
related two-dimensional materials!2.  graphitic materials, including
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zero-dimensional (0D) fullerenes, one-
dimensional (1D) nanotubes, and three-
dimensional (3D) graphite, which are
created by cutting, wrapping, rolling,
and stacking graphene, respectively.
Due to its promising applications,
graphene has become an attractive
material for theoretical and experi-
mental studies®!?!!. Graphene-based
materials have drawn a lot of inter-
est because of their exceptional chem-
ical, mechanical, electrical, and opti-
cal capabilities'? 3. Due to the desire
to make electronic gadgets smaller
and more powerful, new materials
are continuously being developed. A
complex made of carbon and boron
atoms is a logical progression in the
research of graphene. Due to its nearly
identical atomic radius, the substitu-
tion of boron for carbon in graphene
is rational choice. Researchers pre-
dicted that boron carbon graphene
would have properties similar to car-
bon graphene in the field of electronic
devices!'*. By reducing the dimen-
sion of graphene, graphene nanorib-
bons (GNRs) and graphene quantum
dots (GQDs) have been fabricated?.
Carbon-based fluorescent nanostruc-
tures known as graphene quantum dots
(GQDs) have a wide range of uses
because of their fascinating charac-
teristics. Applications of GQDs are
limited due to their low photolumi-
nescence (PL) yield and monochro-
matic PL behavior. As a result, it is
acknowledged that heteroatom (nitro-
gen, boron) doping of GQDs is the best
method for changing the optical and
electrical and transport properties of
GQDs!3. The interaction between the
surface dopants and the adsorbents is
maximized in GDDs, which is thought
to be a superior sensor material'°.
In today’s integrated circuits, dopant
atoms are significant!”. Doping, is the
one of the fundamental processes in
electronics; it is the process of intro-
ducing specific chemical components
to a sensor device in order to mod-
ify its electrochemical properties. Dop-
ing, involves chemically replacing car-

bon atoms in sp>-bonded carbon net-
works with neutral elements is one of
the most promising methods for mod-
ifying the electrical characteristics of
graphene '#23. Improvement of intrin-
sic properties like chemical stability
and conductivity can be achieved by
doping graphene quantum dots (GQDs)
with heteroatoms like nitrogen (N)
and boron (B)?42°. Chemically doped
graphene quantum dot has many novel
properties. In comparison to undoped
GQDs, it was claimed that B and N-
doped GQDs displayed excellent spe-
cific capacities in lithium and sodium
ions batteries. N-doped GQDs increase
the active sites on their surface, mak-
ing them a superior luminescent mate-
rial and effective catalysts?’. Because
of their dependable and predictable
electrical properties, boron doped (B-
doped) GQDs can be used in a variety
of applications, including electrocatal-
ysis and nanoelectronics . Adsorption
is the process by which a material
or molecule called an adsorbent con-
tracted on the surface of an absorbent.
One of the fundamental steps in the
fabrication of molecular-based nan-
odevices is the adsorption of com-
plex molecules on solid surfaces. The
physical and chemical properties of
adsorbed molecules are determined by
their geometric structure and arrange-
ment, making molecular scale deter-
mination and control processes par-
ticularly appealing?®3°. Charge trans-
fer and charge recombination at the
molecule/semiconductor interface, as
well as the overall efficiency may
be limited by the molecule tether-
ing mechanism and adsorption geom-
etry3!1733. Herein, we focused on the
adsorption structure of the porphyrin
molecule and its ordering on a graphene
quantum dot layer. Porphyrin and their
metallic derivatives can be synthesized
using a variety of techniques that have
been extensively researched in the sci-
entific literature 3%, Porphyrins may
be used in functional materials, sensors,
catalysts, and other products. These
versatile materials are highly helpful in

a variety of processes, including cat-
alytic and photocatalytic ones3”. In this
paper, we have studied the impact of
doping, co-doping of nitrogen, boron
on transport properties of single layer
of GQD and with adsorption of por-
phyrin molecule onto these GQD lay-
ers.

CALACULATION METHODS

Doping, co-doping of nitrogen
(N), boron (B) and adsorbed por-
phyrin molecule with GQDs layer
(signified as GQDs, N-GQDs, B-
GQDs, NB-GQDs, GQDs@porphyrin,
N-GQDs@porphyrin, B-

GQDs@porphyrin, NB-GQDs@porphyrin)

were completely optimized using
B3LYP/6-31G as performed in Gauss
view 5.0. The geometry of the device
consisted of 80 atoms in total, out of
which there were 48 carbon atoms, 26
hydrogen atoms, 4 nitrogen atoms and 2
sulfur atoms. The edge atoms have been
passivated with hydrogen atoms. After
optimization the doping and co-doping
sites of nitrogen and boron in GQDs
are different from adsorption of por-
phyrin molecule onto GQDs. The gaus-
sian calculation found that the adsorp-
tion energy of GQDs@porphyrin is
-0.113eV, N-GQDs@porphyrin is -
0.0016 eV, B-GQDs@porphyrin is -
0.0020 eV and NB-GQDs@porphyrin
is 0.0014 eV respectively. The adsorp-
tion energy (E,4) calculated using Eq.

(D).

Eu = Etot( Eror (X - d()ped.GQDs)—
E;oi(porphyrin)

In Eq. (1) X can either be
Boron, Nitrogen or both NB, and
E;,(GQDs@porphyrin) is the total
energy of porphyrin molecule adsorbed
on GQDs layer. Where E;,(X-doped.
GQDs), E;y(porphyrin) are the total
energies doped on graphene quantum
dot layer and a porphyrin molecule
respectively. It should be noted, that
the negative value of E,; varies to
exothermic adsorption'!. The gold
electrodes connected with the graphene
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quantum dot layer through sulfur
atoms and the porphyrin molecule
adsorbed on it to create a metal junc-
tion structure. The device was split
into two parts: an “extended scatter-
ing” region comprised of sulfur (S) and
GQDs@porphyrin molecules as well
as a portion of the metallic electrodes
(as in Figure 2). The bond length used
here were C-C 1.410 A, C-H 1.085 A,
Au-Au 2.885 A, S-Au 2.530 A and S-
C 1.730 A respectively. The nitrogen
and boron locate with the bond length
of C-B 1.426 A, N-C 1.376 A in the
GQDs layer. The porphyrin molecule
locates at the length 4.217 A form the
GQDs surface. The non-equilibrium
method was used to study the transmis-
sion function for single GQDs layer and
GQDs@porphyrin systems. Utilizing
the non-equilibrium Green’s functional
approach with a tight-binding Hamilto-
nian in Eq. 2.40.

T =Tr(IGI, G*) )

G(G*) stands for the advance green
function, The coupling between the
electrodes with the numbers 1 and 2 is
described by I'y » respectively, and is
exclusively given by the imaginary part
of the electrode’s self-energy. Terminal
current is 40

2e [+
1:{/ dET (E, V) x

~ A3)
[f (E, w) = f (E, ma)]

Mi2) =Er £ g

Where ;) the electrochemical
potentials of the left and right elec-
trodes, and Ef is the Fermi function.
The Hiickel-IV program with code cre-
ated at Purdue University was utilized
to calculate the transport properties of
graphene quantum dot devices with
adsorbed porphyrin molecule. This pro-
gram connected the molecule to the
electrodes using a three-atom Au pads
(consisting of three, seven or three gold
layers as in Figure 1). The Fermi level
in the GQDs-based devices is-11.8 eV,
as based on earlier research!.

RESULTS AND DISCUSSION

The optimized structures of doped, co-
doped graphene quantum dots layer
sandwiched between Au electrodes are
represented in Figure 1.

In Figure 2, the optimized struc-
ture of un-doped GQDs@porphyrin
molecule is illustrated. It shows scat-
tering region with the configuration
of 13 gold electrodes attached on left
and right side with graphene quan-
tum dots layer. Optimized configura-
tion of adsorbed porphyrin molecule
onto graphene quantum dots layers
investigated in this work is represented
in Figure 3. The detail on density of
states (DOS) of the GQDs layers and
with adsorption of porphyrin molecule
onto these GQDs layers around Fermi
level are presented in Figure 4. It can
be seen that there are some differences:
Firstly, for each of the eight struc-
tures, there are distinct differences in
the DOS peaks, positions and heights.
Secondly, in DOS Fermi level has dis-
tinct numbers of peaks, and the spaces
between those peaks are also differ-
ent from one another. The device dis-
plays metallic characteristics because
the total DOS was not zero near the
Fermi level. From Figure 4 it can be
seen that GDQs have more resonance
peaks and height of resonance peaks
are largest for the range of -12 to -
14eV. While for N-GQDs and NB-
GQDs almost similar smaller peaks are
observed expect for the short range of -
8 and to -9.5eV. While for B-GQDs gap
between resonance peaks are greatest
which ensures the availability of less
energy levels for B-GQDs (as in Fig-
ure 4A). Now we discussed the cases,
when we have absorbed porphyrin
molecule onto these GQDs layers.
We have seen that GQDs@porphyrin
device has more resonance peaks and
the gap of resonance peaks are small
which ensure that more energy lev-
els are available in GQDs@porphyrin.
In GQDs@porphyrin two distinct reso-
nance peaks above and below the Fermi
energy were seen. This might have

happened as a result of the stronger
degree of hybridization between GQDs
and adsorbed porphyrin molecule. The
GQDs@porphyrin molecule has inter-
nal charges that were redistributed as a
result of the applied voltage, which had
an impact on the charge transport char-
acteristics.

In the DOS spectrum, there
were  no  significant  changes
for B-GQDs@porphyrin, NB-

GQDs@porphyrin in the energy range
between -12 and -14 eV. However,
for N-GQDs@porphyrin less reso-
nance peaks are observed for the
same range (-12 to -14 eV). For
the case N-GQDs@porphyrin, NB-
GQDs@porphyrin nearly identical and
small resonance peaks are found for
the energy range between -6 eV to -
11 eV which has minimal effect on
conductance capability. Moreover, the
strength of resonance peaks is small
for the case of NB-GQDs@porphyrin.
For B-GQDs and B-GQDs@porphyrin
showed prominent conductance effect
but slightly lesser as compared to
GQDs and GQDs@porphyrin. There-
fore, it is concluded that GQDs
and GQDs@porphyrin has signifi-
cant effect on conductance capacity
whereas, doping of nitrogen and co-
doping of nitrogen, boron demonstrates
minimal effect on single layer of GQDs
and GQDs@porphyrin.

In Figure 5, the transmission coef-
ficient for all structures is presented.
Peaks in the transmission coefficients
are well correlated with those in the
peaks of DOS in terms of their posi-
tions. However, the height of the trans-
mission peak is not exactly mapped
onto the height of the DOS peaks.
Strength of resonance peaks intensi-
ties in structure of GQDs were greater
as compared to N-GQDs, B-GQDs,
NB- GQDs. However it should be
noted that height of peaks become
wider after adsorption of porphyrin
molecule onto these GQDs layers
(as in Figure 5). Stronger resonance
peaks have been seen for the case
of GQDs@porphyrin. At a moderate
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Figure 1. Optimized structures of GODs devices demonstrated in this work. (4) represent un-doped GODs, (B) represent N-
GODs, (C) represent B-GQDs and (D) represent NB-GQODs. (Highlighted portion presents doping and co-doping, blue color
is_for nitrogen and red color is for boron atoms)

Porphyrin molecule
A

| ) \ J \ f

| | |
Left electrode Scattering region Right electrode

Figure 2. Horizontal view of optimized structure of GOQDs@porphyrin molecule. The edge atom has been passivated with
hydrogen atoms.
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Figure 3. Structural representation of optimized devices investigated in this work: Fig. 24 (a, b, ¢, d) represent front view
whereas, 2B (a, b, ¢, d) represent side view of GODs@porphyrin, N-GODs@porphyrin, B-GODs@porphyrin and NB-
GQODs@porphyrin molecule.
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Figure 4. (4) display energy levels and (B) presented the total densities of states for graphene quantum dots layer (GQDs,
N-GQDs, B-GQDs, NB-GQDs) and graphene quantum dots layer with adsorption of porphyrin molecule (GODs@porphyrin,
N-GQODs@porphyrin, B-GODs@porphyrin, NB-GODs@porphyrin).

bias, a significantly larger current is
expected in GQDs@porphyrin. Noted,
that the terminal current is determined
by using Eq. (3) is proportional to the
transmission coefficient integral over
the bias window around the Ef .

We can observe that in inten-
sities of peaks in transmission co-
efficient for GQDs@porphyrin are
higher than those of others espe-
cially for the range of -14 to -11eV.
Results showed that amplitude of
transmission  co-efficient  decreas-
ing by doping (N-GQDs@porphyrin,
B-GQDs@porphyrin)  but  almost
negligible by co-doping (NB-
GQDs@porphyrin). The I-V charac-
teristics of GQDs, GQDs@porphyrin,
N-GQDs, N-GQDs@porphyrin, B-
GQDs, B-GQDs@porphyrin NB-
GQDs and NB-GQDs@porphyrin

devices were calculated over a bias
voltage ranging from 0 to 4V, as pre-
sented in Figure 6.

The current in case of GQDs
and B-GQDs almost increases in
the same manner also for NB-
GQDs current increases initially but
decreases after 2V. But for N-GQDs
almost negligible current have been
observed. The behavior of current
for the case of GQDs@porphyrin
and B-GQDs@porphyrin are pretty
close to each other. Also current
in NB- GQDs@porphyrin is ini-
tially increased in the same man-
ner but slightly decreased as com-
pared to GQDs@porphyrin and B-
GQDs@porphyrin as shown in Fig-
ure 6. Therefore, the current in
GQDs@porphyrin was high as com-
pared to all structures. In contrast the

I-V of the N-GQDs@porphyrin is con-
siderably low bias and increase nonlin-
early with bias. This process suggested
that the barrier electron transport of
the devices with GQDs@porphyrin,
B-GQDs@porphyrin and NB-
GQDs@porphyrin  structure  are
reduced and current-carrying capa-
bilities are enhanced as compared
to N-GQDs@porphyrin one. There-
fore, it is concluded that un-doped
graphene quantum dots layer inter-
acts strongly with adsorbed porphyrin
molecule as compared to other, while
N-GQDs@porphyrin molecule pro-
vide higher barrier for charge as a
result of which this structure shows
lower transmission probability. Con-
sequently, the current has almost
no effect when we doped nitrogen
in GQDs layer. It should be obvi-
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Figure 5. Total transmission coefficient of all the structures: GQDs, N-GQODs, B-GQDs, NB-GQODs, GOQD@porphyrin, N-
GOD@porphyrin, B- GOD@porphyrin and NB-GQD@porphyrin are presented.

ous that the adsorption of porphyrin
molecule onto un-doped graphene
quantum dots layer shows higher con-
ducting capabilities as compared to the
other devices (N-GQDs@porphyrin,
B- GQDs@porphyrin and NB-
GQDs@porphyrin).

CONCLUSIONS

In this work, we have theoretically
investigated transport properties of
doped and co-doped graphene quantum
dots layer and GQDs with adsorbed
porphyrin molecule by using the non-
equilibrium Green’s function approach.
The estimations made use of a tight-
binding Hamiltonian. The results

showed that the transport properties
of single layer of graphene quantum
dots and with adsorbed porphyrin
molecule can be easily tuned. Find-
ings indicates that doping of nitro-
gen in single graphene quantum dots
layer has no significant effect on con-
ductance capability as compared to
un-doped and boron doped GQDs
layer. It should be concluded that
porphyrin molecule interacts strongly
with un-doped graphene quantum dots
layer. Therefore, larger current and
more energy level available for un-
doped graphene quantum dots layer
with adsorbed porphyrin molecule.
However, the transmission coefficient
shows that, a significantly larger cur-

rent is expected in GQDs@porphyrin.
Moreover, for the case of adsorbed
porphyrin molecule, doping of nitro-
gen in GQDs layer reduces the current
drastically. Therefore, the current has
almost no effect when we doped nitro-
gen in GQDs layer. The effect of size
of un-doped, nitrogen and boron doped
and also co-doping of nitrogen and
boron in graphene quantum dots layer
is evident. However, doping and co-
doping in graphene quantum dots layer
with adsorbed porphyrin molecule sig-
nificantly alters the transport proper-
ties and conductance of GQDs layer.
Making nano size electrical devices
like quantum dot gas sensors requires
knowledge of how the transport char-
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Figure 6. Current-voltage characteristics for the all types of structures investigated (GQODs, N-GQODs, B-GQDs, NB-GQDs,
GODs@porphyrin, N-GODs@porphyrin, B-GQODs@porphyrin and NB-GQODs@porphyrin).
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