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Abstract
The role of interstitial atomic doping on transport properties of graphene was systematically
studied using first-principles density functional theory (DFT). The study revealed that interstitial
Au doping results in a p-type transfer of holes to graphene as the dopant concentration increases
to 25%, with the Dirac point shifting to the Fermi level and localised states of atomic dopants
appearing at the Fermi level and at energy of −1 eV. Ca, Ag and Al interstitial doping induces an
n-type transfer of electrons to graphene with the Dirac point moving away from the Fermi level
and localised states appearing at the Fermi level and at energy levels of ∼2 eV for Ca, around
−3.5 eV for Ag, −3.5 eV and ∼1.6 eV for Al. As the dopant concentration increases further to
50%, the number of holes (or electrons) decreases for all dopants, except for Ca, as the localised
state at the Fermi level disappears, and the Dirac point returns towards the Fermi level. Our
research provides insights into how to reconcile the localised state and the number of charge
carriers that play a significant role in the transport properties of interstitial doped graphene.
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1. Introduction

Graphene is a 2D material with a thickness of 1 atom
(0.335 nm) which is composed of carbon atoms bonded very
tightly to form a hexagonal structure [1]. The experimental
success in 2004 [2] has attracted great interest to carry out
further experimental and theoretical research in condensed
matter physics [3–6]. Its unique properties, such as high
charge carrier mobility due to linear dispersion at the Dirac
points, make it an excellent candidate for a wide range of
electronic applications [2–8], optoelectronics [9], nanoelec-
tronics [10], thermoelectric [11–17], sensors [18–20], energy
conversion [21] and energy storage devices [22]. Due to its
exceptional electrical, thermal, and mechanical properties
[23, 24], including extraordinarily high carrier mobility
[25, 26], thermal conductivity [27], and flexibility [28, 29],
graphene has been suggested as a possible thermal manage-
ment device. Although graphene has very high carrier

mobility, but its carrier concentration around the Fermi level
is small [30, 31], thus limiting its application.

In order to maximise graphene potential, the electronic
band structure of graphene around Fermi level must be
modified to achieve higher charge concentration while
keeping the linear dispersion. Previous studies shows that
interstitial doping with various atoms will change the elec-
tronic structure of graphene [32] (e.g. Li, Ca, K, Al, Ga, In,
Na, Ti, Sn, Pd [33], Fe [34], Au [33, 35], Ag, Cu [35], Mn
[36]), in which its transport properties can be tuned in to
n-type or to p-type graphene. In particular Au and Ag doping
of graphene is broadly used as an electronic device [37–39]
while Ca doping of graphene can exhibit superconductivity
[40] and is widely developed as sensors [41], as well as Al-
graphene used for plasmonic device [42]. However, the
dopant concentration that is used for those application is
either at very low concentration or becomes as a substrate.
Although the doping process has increased the number of
charge carriers in the pristine graphene, for particular dopant
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concentration its mobility seemingly shows different proper-
ties from pristine graphene which is indicated by the absence
of linear dispersion around the Fermi energy [43]. Due to the
interaction between atomic dopant and graphene during the
doping process, the localised state will appear near the Fermi
energy [44, 45]. If either of the above circumstances is
dominant, it will cause a degradation in the transport prop-
erties (i.e. mobility and conductivity) of pristine graphene.
Moreover, to measure the electronic transport properties of
graphene, it is necessary to create connections with metal
leads [46, 47]. Therefore, it is crucial to have a good under-
standing of the structural and electronic properties such as
charge carriers between graphene and metal doping and dis-
tances between graphene and metal. The charge carriers
between metal and graphene lead to doping of the graphene
sheet. Depending on the type and amount of metal used, the
doping can have different signs and magnitudes, allowing the
connection of electrodes made of various metals to the gra-
phene, enabling the formation of p-n junctions [48, 49]. Thus,
it is interesting to study the role of the interstitial doping
concentration on transport properties of graphene where the
linear band condition persists.

This paper focuses on a systematic study of the inter-
stitially doped graphene with various concentrations of Au,
Ca, Ag, and Al atoms using first-principles density functional
theory (DFT) calculations. Particular interest is to find the
evolution of the electronic structure of the doped graphene
since the controlling charge carrier on the graphene surface
plays an important role in its electrical and thermal transport.
This study is arranged as follows we explain the detail of
computational methods in section 2. Then we give our find-
ings together with thorough explanations, including the
influence of interstitially doped graphene on its transport
properties. Finally, in section 4, we review and conclude our
results.

2. Computational methods

In this study, all calculations were done using the DFT
[50–53], implemented in the OpenMX code [54], based on
norm-conserving pseudopotential [55] and pseudo-atomic
localised basis functions [56, 57]. The basis functions were
expanded by linear combination of multiple pseudoatomic
orbitals (PAO) generated using a confinement scheme
[56, 57], where the accuracy of the basis functions as well as
pseudopotentials (VPS) we used was carefully benchmarked
by the delta gauge method [58]. The electronic exchange–
correlation interactions are treated in the generalised gradient
approximation (GGA) of Perdew–Burke–Ernzerhof [59]. The
energy cut-off of 300 Ry was used and the energy conv-
ergence criterion was kept at 1 × 10−9 Hartree for each
electronic structure calculation.

The graphene-doping systems were modelled using
interstitial doping in the 4 × 4 graphene supercell (made up of
32 C atoms), while the doping atoms were Au, Ca, Ag, and
Al. In the z direction, a vacuum space of 25 Å was used in this
study to avoid interlayer interactions. The doping atoms were
arranged on three sites, namely the hollow (H) site at the
center of the hexagon structure, the top (T) site just above the
carbon atom, and the bridge (B) site at the center of the
carbon–carbon bond (figure 1).

The effect of interstitial doping was studied by changing
the dopant concentration from 3.125% (one dopant atom in
32 carbon atoms), 6.25% (two dopant atoms in 32 carbon
atoms), 12.5% (four dopant atoms in 32 carbon atoms), 25%
(eight dopant atoms in 32 carbon atoms), and 50% (sixteen
dopant atoms in 32 carbon atoms). Geometry optimisation for
T, H, and B sites was carried out for the 3.125% dopant
concentration. The most stable site is chosen, which has the
lowest total energy. For the 6.25% to 50% dopant con-
centration, geometry optimisation was carried out at the most
stable site. The geometry of the pristine graphene supercell
system and the graphene-doping systems was optimised in
fully relaxed configurations until the Hellmann–Feynman
force components acting on each atom were less than 10−5

Figure 1. The three stable sites for doping on top view of the 4 × 4 graphene supercell structure: (a) the hollow site (H) as shown by the
purple sphere; (b) the bridge (B) as shown by the green sphere; and (c) the top (T) as shown by the orange sphere.
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Hartree/Bohr. In particular, adatom positions are fixed at the
x, y-axes, and relaxed at the z-axis [33, 60, 61]. The values of
doping height (h), the C–C bond length (dCC), and the aver-
age of the carbon-doping atomic bond lengths (dDC) were
determined from the optimised structures. The first Brillouin
Zone was sampled using an 8 × 8 × 1 K-grid centered on the
gamma (Г). The K-grid of 12 × 12 × 12 was employed for
the calculation of the electronic density of states (DOS) and
partial density of states (PDOS) for the graphene supercell
structure.

3. Results and discussion

The unit cell of pristine graphene was found to have a lattice
parameter of 2.47 Å, which is consistent with the previous
results [32, 33, 62–64]. While the 4 × 4 pristine graphene
supercell structure was found to have a lattice parameter of
9.89 Å. This is very much consistent with the results of
experiments [33, 62]. The dCC of pristine graphene is 1.43 Å.
Table 1 shows the effect of additional dopant atom on dCC.
Our calculations confirmed that dCC will increase as the
dopant atoms were added to graphene.

The optimisation of the graphene supercell structure with
one dopant atom was done for each of the H, T, and B sites
(figure 1). The results show that the total energies for the Ca
doping are −6100.622, 6100.679 and −6100.608 eV for the
T, H, and B sites, respectively, indicating that Ca doping has
the most stable site at the H site. These findings areconsistent
with the previous results [60]. Similarly, Al doping also has
the most stable site at the H site [33, 60] with a total energy of
−5148.850 eV. In contrast, Au doping has the most stable site
at the T site [32, 60] with a total energy of −7957.346 eV.
Differently, Ag doping [32] (the total energy is
−8190.392 eV) has the most stable site at the B site. More-
over, the effect of interstitial doping was studied by changing
the dopant concentration from 3.125% to 50%. In the formed
structure, almost no distortion was found. The total energy
decreases with an increasing doping concentration.

3.1. Au-doped graphene

The top view of Au doped on the 4 × 4 graphene supercell
structure after optimisation was shown in figure 2(a). The
stable sites for Au doping on the graphene layer are the T
sites. Figure 2(b) shows the result of band structure calcul-
ation for the Au-doped graphene supercell system. Au

Table 1. Structural properties of Au, Ca, Ag, and Al doping at the top (T), hollow (H), and bridge sites (B) studied in this work. The
properties listed are the number of dopant atoms on the supercell (N); the distance between adjacent carbon atoms (dCC); the difference
between the average of the z coordinates of the C atoms and the z coordinates of the adatom (h); the distance between the adatom and its
nearest carbon atom (dDC); total energy (Etot).

Dopant atoms N Doping concentration (%) Site dCC (Å) h (Å) dDC(Å) Etot(eV)

1 3.125 T 1.43 2.90 2.90 −7957.346
1 3.125 H 1.43 3.40 3.69 −7957.332
1 3.125 B 1.43 3.12 3.20 −7957.344

Au 2 6.25 T 1.43 2.87 2.87 −10827.154
4 12.5 T 1.43 3.47 3.47 −16567.379
8 25 T 1.47 2.39 2.39 −28046.237
16 50 T 1.50 3.63 3.63 −51013.716
1 3.125 T 1.43 2.50 2.50 −6100.622
1 3.125 H 1.43 1.93 2.73 −6100.679
1 3.125 B 1.43 2.47 2.57 −6100.608

Ca 2 6.25 H 1.43 2.38 2.78 −7114.492
4 12.5 H 1.43 2.39 2.78 −9142.684
8 25 H 1.50 2.19 2.65 −13188.338
16 50 H 1.50 2.12 2.60 −21267.874
1 3.125 T 1.43 3.29 3.29 −8190.391
1 3.125 H 1.43 3.34 3.64 −8190.391
1 3.125 B 1.43 3.32 3.40 −8190.392

Ag 2 6.25 B 1.43 3.19 3.27 −11293.400
4 12.5 B 1.20 2.72 2.79 −17484.173
8 25 B 1.43 3.99 4.05 −29920.501
16 50 B 1.43 4.40 4.46 −54760.510

Al 1 3.125 T 1.44 2.12 2.56 −5148.850
1 3.125 H 1.44 2.12 2.56 −5148.850
1 3.125 b 1.44 2.22 2.33 −5148.748
2 6.25 B 1.44 2.34 2.55 −5209.743
4 12.5 B 1.43 2.10 2.53 −5331.813
8 25 B 1.50 2.63 3.02 −5577.762
16 50 B 1.50 4.22 4.48 −6090.155
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Figure 2. (a) Top view of Au doped on the 4 × 4 graphene supercell structure after optimisation, (b) Projected band structure, (c) DOS, and
(d) PDOS.
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adsorption changes the band structure of graphene around the
Dirac point (the Dirac point still lies at the K point) and shifts
the Fermi level (the dashed lines), which is consistent with the
DOS calculation (figure 2(c)). The calculated DOS confirmed
that the graphene supercell system is a zero-gap semi-
conductor, which is in line with the previous results
[1, 8, 65, 66]. The Fermi level shift in the Au-doped-graphene
systems is due to the charge transfer from the graphene to the
Au adatom [33], which is enhanced as the doping con-
centration increased. We find that the shifting of the Fermi
level is at 0.4008 eV, 0.4810 eV, and 0.5611 eV below the
Dirac point for 3.125%, 6.25%, and 12.5% Au-doped gra-
phene, respectively, indicating that Au-doped graphene is
electron-deficient. This implies that graphene with Au doping
has the p-type character of charge carrier, which is in agree-
ment with previous works [22, 23].

Interstitial Au doping on graphene also produces loca-
lised states at the Fermi energy and at energy levels of around
−1 eV for 3.125%, 6.25%, and 12.5% Au-doped graphene, as
can be seen in the DOS and PDOS data (figure 2(d)). From
our calculation, the localised state at the Fermi energy and at
−1 eV is due to the 6s orbital and 5d orbital of Au, respec-
tively. When the concentration of Au atoms becomes 25%,
the localised state at the Fermi energy disappears. The state at
the Fermi level for this concentration is then equally deter-
mined by the s orbital of the Au atom and the p orbital of the
C atom. At 50% of the Au concentration, the state at the
Fermi energy further decreases, which may lead to the poorer
transport properties. Moreover, the band dispersion close to
the Dirac point changes to quadratic shape, suggesting that
the electron gains more mass at this particular Au
concentration.

3.2. Ca-doped graphene

The top view of Ca doped on the 4 × 4 graphene supercell
structure after optimisation was shown in figure 3(a). The
stable sites for Ca doping on the graphene layer are the H
sites. Figure 3(b) shows the result of band structure calcul-
ation for the Ca-doped graphene supercell system. Ca
adsorption changes the band structure of graphene near the
Dirac point. The increasing doping concentration causes an
increase in the Fermi level shift in the band structure of
graphene. This is in agreement with the results of DOS
calculation (figure 3(c)). The DOS of the Ca-doped graphene
supercell shows that the Ca doping changes the DOS near the
Fermi level significantly. The Fermi level is observed to be
shifted due to the charge transfer from the Ca adatom to
graphene [33]. For graphene that is 3.125, 6.25, 12.5, 25, and
50% Ca-doped, the Fermi level shifting is at 0.8818 eV,
1.2224 eV, 1.3627 eV, 1.6834 eV, and 2.8858 eV above the
Dirac point, respectively. The fact that Dirac point moves
away from Fermi level as graphene is doped by Ca atoms
indicates the electron-surplus nature of the Ca-doped gra-
phene. This suggests the n-type charge carrier property of Ca-
doped graphene, which is consistent with earlier
works [32, 33].

Interstitial Ca doping on graphene also produces loca-
lised states at the Fermi energy and at energy levels of 2 eV
for 3.125% and 6.25% Ca-doped graphene, as can be seen in
the DOS and PDOS data (figure 3(d)). From our calculation,
the localised state at the Fermi energy and at 2 eV is due to the
4s orbital and 3d orbital of Ca, respectively. When the con-
centration of Ca atoms becomes 12.5%, the localised state at
the Fermi energy disappears while it still exists at 2 eV.
Moreover, at 25% and 50% of Ca concentrations, the loca-
lised state at the Fermi energy also disappears and the loca-
lised state at 2 eV shifts to 0.5 eV. The fact that DOS
decreased as the doping concentration rose might indicate that
the Ca-doped graphene’s transport characteristics
deteriorated.

3.3. Ag-doped graphene

Figure 4(a) shows the top view of Ag doped on the 4 × 4
graphene supercell structure after optimisation. The stable
sites for Ag doping on the graphene layer are the B sites.
Figure 4(b) shows the result of band structure calculation for
the Ag-doped graphene supercell system. The Ag adsorption
alters the band structure of graphene near the Dirac point.
This is following the DOS of the Ag-doped supercell gra-
phene (figure 4(c)). The charge transfer from the adatom to
graphene results in the Fermi level shift [33]. The shifting of
the Fermi level is at 0.1603 eV and 0.2405 eV above the Dirac
point at 3.125% and 6.25% Ag-doped graphene, respectively.
The Ag-doped graphene is electron surplus, implying that Ag-
doped graphene has n-type character of charge carrier, which
is consistent with previous study [32].

Interstitial Ag doping on graphene also yields localised
states at the Fermi energy and at energy levels of −3 eV for
3.125% and 6.25% Ag-doped graphene, as can be seen in the
DOS and PDOS data (see figure 4(d)). From our calculation,
the localised state at the Fermi energy and at around −3.5 eV
is due to the 5s orbital and 4d orbital of Ag, respectively. As
for 12.5%, 25%, and 50% Ag-doped graphene, the localised
state at the Fermi energy decreases while that at −3.5 eV is
still visible.

3.4. Al-doped graphene

The top view of Al doped on the 4 × 4 graphene supercell
structure after optimisation is shown in figure 5(a). The stable
sites for Al doping on the graphene layer are the H sites. The
results of band structure calculations for the Al-doped gra-
phene supercell system are shown in figure 5(b). Al adsorp-
tion changes the band structure of graphene near the Dirac
point. There is the Fermi level shift due to the influence of
doping concentrations on graphene, which is consistent with
the DOS calculation results.

Figure 5(c) shows the DOS of the Al-doped graphene
supercell. The charge transfer from the adatom to graphene
results in the Fermi level shift [33]. The Fermi level shift
increases with increasing doping concentration. The shifting
of Fermi level is at 0.8818 eV, 1.2024 eV, and 1.4429 eV
above the Dirac point for 3.125%, 6.25%, and 12.5% Al-
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Figure 3. (a) Top view of Ca doped on the 4 × 4 graphene supercell structure after optimisation, (b) Projected band structure, (c) DOS, and
(d) PDOS.
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Figure 4. (a) Top view of Ag doped on the 4 × 4 graphene supercell structure after optimisation, (b) Projected band structure, (c) DOS, and
(d) PDOS.
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Figure 5. (a) Top view of Al doped on the 4 × 4 graphene supercell structure after optimisation, (b) Projected band structure, (c) DOS, and
(d) PDOS.
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doped graphene, respectively. The Al-doped graphene is
electron-surplus, implying that graphene with Al doping
produces n-type graphene.

Figure 5(d) shows the partial density of states (PDOS) for
Al and C atoms in the Al-doped graphene system for doping
concentrations of 3.125%, 6.25%, 12.5%, 25%, and 50%.
Interstitial Al doping on graphene also produces localised
states at energy levels of around −3.5 eV and at ∼1.6 eV for
3.125% and 6.25% Al-doped graphene. From our calculation,
the localised state at energy levels of −3.5 eV and at 1.6 eV is
due to the 3s orbital and 3p orbital of Al, respectively. For
12.5% Al-doped graphene, the localised state seems to have
decreased while at 25% and 50% Al concentrations, the
localised state disappears and is replaced by broader states.

The presence of localised states at the Fermi level
induced by Au, Ca, Ag, and Al interstitial doping can dete-
riorate the electrical transport properties of graphene. This is
because the Fermi level is an energy level at which electronic
states are most likely to be occupied, and any localised states
at this level can act as trapping centers for charge carriers,
leading to scattering and reduced mobility of charge carriers.
Additionally, if these localised states are not fully occupied or
empty, they can introduce additional impurity levels in the
bandgap of graphene, further affecting its electrical proper-
ties. Therefore, the presence of localised states at the Fermi
level can hinder the performance of graphene-based electronic
devices, which rely on the high electron mobility of graphene
[28, 67–69].

3.5. Charge transfer at linear dispersion regime

To further elucidate the interplay between the interstitial
doping induced localised state and the linearity of graphene’s
band near K point, we will analyse the charge transfer that is
extracted from band dispersion. The charge transfer from the
adatom to graphene results in the shifting of the Fermi level
[33]. Au doping on graphene shifts the Fermi level below the
Dirac point. The position of the Dirac point (ED) increases
with increasing Au doping concentration. On the other hand,
ED will decrease with increasing Ca, Ag, and Al doping
concentrations. Ca, Ag, and Al doping shifts the Fermi level
above the Dirac point. The charge transfer induced the
shifting of Dirac cone around the Fermi level which may be
caused by the difference of work function between graphene
and atomic dopant [70] and by the electron affinity of atomic
dopant [71].

Based on the assumption of linear dispersion of the DOS
near the Dirac point, the concentration of charge carriers
(electrons or holes) of doped graphene can be determined
using equation (1) [70]:


( )

( )
(∣ ∣) ( )

p u
= -N N E E

1
, 1e h

F
F D2

2

where u » /10 m sF
6 is the Fermi velocity of graphene,

( )E EF D is the energy position of the Fermi level (Dirac point).
According to figure 6, the concentration of charge car-

riers (holes) in graphene that is interstitially doped with Au, as
determined by equation (1), rises as the concentration of Au

doping increases up to 25%, but falls as the concentration
increases to 50%. This may be due to the stronger presence of
a localised state at −2 eV (lower panel of figure 2(d)), which
pushes the Dirac point towards the Fermi level. Au doping
acts as p-type doping, leading to electron transfer from the
graphene layer to the adatoms. The data presented in figure 6
also indicate that for Ca, Ag, and Al-doped graphene, the
concentration of charge carriers (i.e., electrons) increases as
the doping concentration increases up to 12.5%, with the
exception of Ca, for which the concentration continues to
increase until the Ca-dopant concentration reaches 50%. As
the dopant concentration increases to 50%, the concentration
of electrons in Ag and Al-doped graphene decreases even
more. This could be explained by the presence of localised
states at −3 eV (in the case of Ag) and broader states around 0
÷ 2 eV (in the case of Al), which can push the Dirac point
closer to the Fermi level. The n-type doping provides electron
transfer from the adatoms to the graphene layer.

4. Conclusions

To summarise, this study used DFT to investigate the elec-
tronic structure of graphene doped with interstitial Au, Ca,
Ag, and Al. The study found that interstitial Au doping causes
the Dirac point to shift to the Fermi level and localised states
of atomic dopants to appear at the Fermi level and −1 eV,
resulting in a p-type transfer of holes to graphene as the
dopant concentration increases up to 25%. Ca, Ag and Al

Figure 6. (a) Position of the Dirac point ED at various concentrations
of Au, Ca, Ag, Al-doped graphene, (b) Charge carrier density as a
function of Au, Ca, Ag, Al doped graphene at linear dispersion
regime.
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interstitial doping shifts the Dirac point away from the Fermi
level and results in localised states of atomic dopants
appearing at the Fermi level and at energy levels of ∼2 eV for
Ca, around −3.5 eV for Ag, −3.5 eV and ∼1.6 eV for Al
doping. This leads to an n-type transfer of electrons to gra-
phene as the dopant concentration increases up to 12.5%. As
the dopant concentration increased to 50%, the number of
holes (or electrons) decreased for all dopants, except for Ca.
This was caused by the disappearance of localised state at the
Fermi level, leading to the Dirac point moving back towards
the Fermi level. Our research offers an understanding of how
to bring together the localised state and the number of charge
carriers that are significant in the transport characteristics of
graphene doped with interstitial atoms.
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