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Abstract

Motivated by experimental results on transport properties of graphene covered by gallium atoms, the
density functional theory study of clustering of gallium atoms on graphene (up to a size of 8 atoms) is
presented. The paper explains a rapid initial increase of graphene electron doping by individual Ga atoms
with Ga coverage, which is continually reduced to zero, when bigger multiple-atom clusters have been
formed. According to DFT calculations with and without the van der Waals correction, gallium atoms
start to form a three-dimensional cluster from five and three atoms, respectively. The results also explain
an easy diffusion of Ga atoms while forming clusters caused by a small diffusion barrier of 0.11 eV.
Moreover, the calculations show this barrier can be additionally reduced by the application of an external
electric field, which was simulated by the ionization of graphene. This effect offers a unique possibility
to control the cluster size in experiments only by applying a gate-voltage to the graphene in a field-effect
transistor (FET) geometry and thereby without growth temperature assistance.
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1. Introduction

Graphene is a single two-dimensional layer of carbon atoms arranged in a hexagonal structure. It is
one of the most studied materials since its experimental verification [1,2]. This is because of graphene’s

excellent electrical [3-6], mechanical [7,8] and optical [9,10] properties. These properties result from
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sp? bonds between carbon atoms and unique electronic structure with the conical dispersion at K points
of the Brillouin zone, where the conduction and valence bands touch each other. In order to use graphene
in real devices, it is necessary to consider the influence of ambient atoms, which can change the pristine
graphene electronic structure and cause the band gap opening or a shift of the Fermi level resulting in

electronic doping of graphene [11-13].

Metallic elements reveal a diversity of properties, and when used properly, they can modify and
control graphene electronic or magnetic properties. It was studied both experimentally [13,14] and
theoretically [12,15-17]. Especially, a gold-graphene interface has been frequently investigated because
of its widespread application as metal electrodes [12,13,15,18]. It was proved experimentally that the
adsorption of gold, antimony and bismuth lead to hole doping of graphene [13]. A useful tool for
understanding how adsorbed atoms affect graphene electronic properties is the density functional theory
(DFT). Chan et al. [19] and Ishii et al. [20] carried out DFT calculations of single-metal-adatom
adsorption on graphene. Cao et al. [21] and Johll et al. [22] performed the first-principles studies of
transition metal adatoms and dimers on graphene. DFT calculations of gold clusters on graphene were
published by Srivastava et al. [12] and Amft et al. [15] Several more first-principles studies were focused
on metal clusters adsorption on graphene (Pd [23-25], Zr [26], Fe [12], Ni [24,27], Pt [17,24,25], Ag

[28,29]).

The DFT gives good results in the case of structures possessing strong bonds. Unfortunately, this
method becomes less precise when the interaction between atoms is weak and so the long-range van der
Waals (vdW) forces should be taken into account. This type of interactions are not implemented in
default DFT calculations and so in the case of need it has to be implemented in the form of corrections.
It has been found, that DFT with local and semi-local exchange correlations gives low binding forces
between graphene and noble metal adatoms [30,31] and, hence, a vdW correction is needed. Similarly,
the observations of Srivastava et al. [12] show Au clusters are weakly bonded to graphene and thus
long-range vdW dispersion forces must be taken into account in the calculations as well. One of the

most used types of vdW corrections is a semiempirical method DFT-D2 by Grimme [12,32,33].



Gallium is a promising element for the graphene based electronic devices. It is a component of
GaAs/graphene solar cells [34,35], Ga/graphene systems applied in ultraviolet plasmonics [36,37], and
it is a good template for heteroepitaxial growth of GaN [38]. Several experimental studies [37,39]
focused on the deposition of atomic Ga on graphene proved cluster growth of Ga, but almost no DFT
computational study (see our previous work®) has been performed for Ga-atom cluster forming on
graphene. The attention was paid only to a substitution of carbon atoms in graphene grid by Ga and Ge

atoms which strongly transforms graphene band structure itself [40].

In this work the adsorption of Ga clusters containing up to 8 atoms on graphene is investigated.
These first principle calculations explain the changes of graphene electronic properties with the size of
Ga clusters, especially, the influence on graphene doping and its saturation [39]. The incorporation of a
van der Waals interaction correction justified by small binding energy between Ga atoms and graphene
has made the calculation more realistic. Furthermore, the calculation of diffusion (barriers) of Ga on
intrinsic and doped graphene was performed. It gives an insight for experimentalist how the cluster
formation can be influenced by the temperature of graphene and its electrical doping by e. g. gate

voltage in a graphene field-effect-transistor (FET) arrangement [37,39].
2. Methods

The DFT calculations were performed using the projected augmented wave (PAW) [41,42] method
implemented in the Vienna Ab-initio Simulation Package (VASP) [43-45]. The generalized gradient
approximation (GGA) proposed by Perdew, Burke and Ernzerrhorf (PBE) [46] was adapted to treat the
electronic exchange and correlation, and all calculations were recalculated with the vdW correction
DFT-D2 method by Grimme [32]. All calculations were performed with an 8x8 graphene supercell
containing 128 carbon atoms and the desired amount of Ga atoms. A 17 A vacuum spacer was used to
eliminate the interaction between layers in the laterally neighboring supercells. The energy cut-off was
set up to a value of 600 eV. A I'-centered 3x3x1 Monkhorst-Pack mesh [47] was used for structure
optimizations. For the calculation of the density of states (DOS) a 9x9x1 mesh was used. All structures

were relaxed with a tolerance of the residual forces of 0.01 eVA™.
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FIG. 1.: Optimized geometry of Ga clusters adsorbed on graphene from top and side views. Clusters
were studied for the size from 2 to 8 atoms. PBE calculations are on the left and vdW corrected
calculations are on the right.



3. Results

The low binding energy of Ga clusters to graphene led us to take into account the long-range vdwW
forces. All structures with Ga clusters were calculated without corrections (PBE) and with corrections
(DFT-D2). The clusters of gallium atoms on graphene were examined up to a size of 8 atoms in the
cluster. The final arrangements of atoms in clusters (Fig. 1) have the lowest total energy. To find the
minimal energy, the different initial conformations of atoms were relaxed. These conformations were
based on the geometry of one-atom smaller cluster by adding an atom in several reasonable positions
and on typical clump shapes published in literature [19,48]. In the case of calculations without vdW
corrections, the Ga atoms start creating 3D clusters from a size of 3 atoms (Fig. 1 left). In contrast, the
vdW correction results in higher adhesion and clusters up to a size of 4 atoms remain in the planar

arrangement parallel to the graphene sheet (Fig. 1 right).

TABLE I.: Number of atoms in the cluster (Nga), the shift of the Fermi level above the Dirac point (4EF),
charge transfer (4q), the height of the nearest Ga atom above graphene (h) and binding energy (Ep) of
Ga clusters adsorbed on graphene. All results are without and with vdW corrections.

AEEr (eV) Aq () h (A) Ev (eV)
Nca
PBE | DFT-D2 PBE | DFT-D2 PBE | DFT-D2 PBE DFT-D2
1 0.51 0.51 0.62 0.63 2.21 2.19 0.987 1.09
2 0.58 0.58 0.60 0.57 2.70 2.75 0.645 0.780
3 0.17 0.51 0.31 0.84 2.85 2.60 0.334 0.582
4 0 0.46 0.13 0.38 3.28 2.95 0.033 0.321
5 0 0.28 0.24 0.40 3.22 2.73 0.041 0.334
6 0 0 0.042 0.24 3.54 3.05 0.022 0.158
7 0 0 0.22 0.39 3.14 2.82 0.031 0.210
8 0 0 0.035 0.064 3.62 3.13 0.011 0.091
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FIG. 2.: (a) The Fermi level shift above the Dirac point of graphene, (b) the charge transfer of electrons
from Ga into the graphene, (c) the distance of the closest Ga atom from graphene, and (d) the binding
energy of Ga clusters on graphene as a function of Ga atom number in clusters.

The next steps were aimed at the calculation of the band structure, density of states and Bader
charge analysis [49]. The data are graphically shown in Fig. 2 (a-d) and the values in Table I. The
electron doping of graphene decreases with the size of the cluster (Fig. 2a). The band structure results
show that Ga clusters stop changing the Fermi level (Fig. 2a) and so doping of graphene from a size of
4 and 6 atoms for calculation with and without the vdW correction, respectively. In the case of
calculations with the correction, the electron doping effect is higher. The Bader charge analysis (Fig. 2b)
leads to interesting oscillations for odd and even number of atoms in the cluster, but the overall trend
agrees with the Fermi level shift. With the size of clusters, the transport of electrons to graphene
decreases and again for calculations with the vdW correction the transfer of electron is higher. Generally,
the distance between the graphene layer and the closest Ga atom increases with the number of atoms in

cluster (Fig. 2c). This is in logical agreement with the decrease of binding energy of Ga clusters to



graphene as a function of cluster size (Fig. 2d). We can see that the vdW correction influences the
absolute values of respective quantities, but the trends are similar for both approaches. The oscillations
for odd and even number of atoms in the cluster is also present in the results of the distance between the
graphene layer and the closest Ga atom (Fig. 2¢) and, less profoundly in the results of the binding energy
of the whole cluster to graphene (Fig. 2d). The results show that in the case of odd numbers of atoms,
which corresponds to odd numbers of electrons, the individual atom interacts more intensely with
graphene, which leads to a bigger charge transfer and binding energy and to a smaller distance between
Ga atoms and graphene. Srivastava et al. [12] published similar behavior - the odd number of Au atoms

in cluster doped graphene and the even number did not dope at all.

The main decreasing trends in doping of graphene (Fig. 2 a,b), binding energy of Ga cluster to
graphene (Fig. 2d), and the increasing trend of gallium cluster — graphene distance (Fig. 2c¢) with the
number of atoms in cluster can be explained as follows. The gallium preferentially uses its valence
electrons to form bonds with other Ga atoms, and only then to form bonds with graphene and its doping.
Therefore, the bigger Ga cluster consumes on average more electrons to bind Ga atoms together and

fewer electrons are left to form bonds with graphene and its doping.

The subtle oscillations (Fig. 2 b-d) are related to a gallium electron configuration, in which there
is one unpaired electron in the last shell (4 pt). Consequently, in the case of odd-atom gallium cluster
the remaining Ga odd-electron is used for binding and doping of graphene. On the other hand, in the
case of even-atom cluster the electron pairs are preferentially involved in binding of gallium atom pairs
together, and the transfer of electrons into the graphene is partially reduced. In other words, the even-
atom clusters contain mainly compensated electron pairs binding gallium atom pairs in cluster together,

however, odd-atom clusters also contain unpaired electrons interacting with graphene.
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FIG. 3.: Total energy difference as a function of Ga atom position above graphene hexagon for ()
intrinsic graphene and (b) ionized graphene (n-doped by adding 3 electrons to the calculated system).
(c) The optimal path for Ga diffusion on the graphene sheet. (d) The energy diffusion barrier along the
optimal path for intrinsic and ionized graphene.

The creation of clusters is significantly influenced by the diffusion barrier for Ga atoms motion
over the graphene sheet. The calculation results of the energy diffusion barrier for an individual Ga atom
on graphene are presented in Fig. 3. First, the total energy of the Ga — graphene system in the dependency
on a Ga atom position on a graphene hexagon was calculated. The Ga atom was fixed in x and y position
and a relaxed with respect to the z coordinate for each x, y position. The energies shown in Fig. 1 (a) are
the differences between the total energies of the system with the Ga atom in a given position and with
the Ga atom above the center of the graphene hexagon corresponding to the energy minimum. The
calculations were carried out without the vdW correction since the individual atom is adsorbed with
higher binding energy. The diffusion path between two equivalent central positions is less energy
demanding in the case of crossing over the C-C bond as it is shown in Fig. 3(c). The energy diffusion
barrier that must be overcome is 0.14 eV (Fig. 3(d)). This is a small value compared to barriers of 0.75

eV and 0.5 eV for a Zr adatom [24] and C adatom [50] on graphene, respectively. The diffusion barrier



was even lower 0.11 eV when the vdW correction was incorporated. This means, the individual Ga

atoms can easily diffuse along with the graphene sheet.

Diffusion barrier (eV)

-3 -2 -1 0 1 2 3
Number of electron removed(-)/added(+) to the system

FIG. 4.: Diffusion energy barrier as a function of the ionization degree of the 8x8 graphene supercell
and one Ga atom. The negative values on the x axis correspond to removing electrons from the system

which cause positive charging, the positive values to adding electrons to the system and negative
charging.

In the next step, the changes in Ga diffusion caused by the charging of graphene was
investigated. It was realized by adding or removing electrons in the system consisting of the graphene
sheet and one Ga atom. The maximum number of added or removed electrons per an 8x8 graphene
supercell was 3, which is equal to a charge concentration of 8.89-10** e/cm?. Generally, the doping of
graphene by charge carriers decrease the diffusion barrier, no matter which doping polarity was chosen,
as shown in Fig. 4. If the electrons are removed from the system (p-doping), the diffusion barrier is
decreased to 0.10 eV (from an original value of 0.14 eV) for the highest calculated doping. Even more
significant decrease occurred in the case of n-doping, where the diffusion barrier for the highest doping
was only 0.025 eV. This large reduction of a diffusion barrier caused by a presence of 3 additional
electrons in the system can be also clearly seen in Fig. 3. (b) and (d). It should significantly enhance the

diffusion of Ga atoms along a negatively charged graphene sheet.

Moreover, the asymmetry between the adding and removing electrons is visible in Fig. 4. The

reason could be in initial n-doping of intrinsic graphene given by Ga atom itself. Consequently, the



removing of electron from the system (p-doping) has lower effect on the reduction of barrier of graphene

for a diffusing Ga atoms.

4. Discussion

The presented computational results are useful for the explanation of experimental results, and

consequently for possible applications and limitations of Ga/graphene systems.

First, the Ga cluster size and its impact on the Fermi level position of graphene determines the
amount of possible n-graphene doping by Ga, which is limited to a certain saturation level. According
to the calculation, the individual Ga atom brings on average 0.6 electrons into the graphene (Fig. 2b),
however, the doping decreases with the Ga cluster size, and becomes negligible in the case of 6- and
more-atom clusters (Fig. 2a). The fundamental reason for that is in the stronger binding of electrons
between Ga atoms in the cluster, and consequent lower sharing of electrons with neighboring graphene
substrate. It is also accompanied by an increasing distance between the Ga clusters and the graphene. It
means, the higher Ga deposition above a certain level will not lead to higher doping. Hence, the doping
effect is associated only with the clusters composed of less than 6 atoms. The calculations were
performed for the maximum cluster size of 8 atoms at which the charge transfer from Ga into the
graphene also disappears (Fig. 2b) and for larger clusters is negligible. The improved calculations bring
corrections to our previous results [39] achieved without implementing the vdW interactions where only
3-atom clusters were considered. Such a Ga doping behavior is similar for other metals. For example,
Srivasta et al. predicted the decrease of doping with a higher number of atoms in clusters for gold, and
iron. They predicted the p-doping of graphene by gold in the range 0.12 — 0.02 e/atom, and n-doping by

iron in the range 0.84 — 0.09 for clusters composed of 1 to 5 atoms.

Second, the computation of Ga diffusion proves quite high mobility of Ga atoms on the
graphene surface leading to a formation of clusters even at low concentrations of deposited Ga atoms at
room temperature. In the case of carbon [50] and zirconium [26] on graphene, the diffusion barriers are

five, respectively seven times higher than for Ga on graphene. Since most of the experiments dealing



with Ga deposition on graphene are performed at room temperature, there is missing information on the
influence of temperature on cluster formation. However, the diffusion barriers presented here will be of
the same value, the thermal energy will enhance the cluster formation even at lower Ga deposited

concentration.

Third, the calculation of the influence of the Ga diffusion barrier on the graphene charge state
indicates an alternative way of controlling the Ga cluster size to the classical thermal one. It is especially
suitable for graphene exhibiting a clear ambipolar effect [51] since such doping can be achieved by gate-
voltage in common FET graphene configurations. The negative doping achieved by an external voltage
can then lead to a significant lowering of the diffusion barrier and the formation of bigger Ga clusters.
In our case the doping by one electron per calculated supercell corresponds to a gate voltage of 1250 V
applied to graphene placed on a 280 nm-thick SiO; substrate, which is a quite high value for application
in experiments due to a critical value of SiO, breakdown voltage. Smaller gate voltages up to 100 V that
can be safely used would cause a reduction of the barrier in order of percentage units. However, in
experiment it is possible to use an insulating substrate with different permittivity or thickness, so that
the electron diffusion from gallium into the graphene sheet can be controlled by back-gate voltage more

efficiently.

5. Conclusion

We have performed the calculation of gallium clusters on free-standing graphene up to a size of 8
atoms. Gallium creates 3D clusters from 3 or 5 atoms without and with the implemented vdW correction,
respectively. Gallium atoms negatively dope the graphene. The doping value decreases with the size of
clusters and it is negligible from the size of 6 atoms in cluster up. The vdW correction increases the

absolute values of doping, but such a doping behavior with the increasing cluster size remains the same.

We have also investigated the diffusion of one gallium atom on the graphene sheet. Graphene creates
a small diffusion barrier of 0.11 eV to a Ga atom. This barrier can be additionally reduced by ionization

(doping) of structures, which can be experimentally achieved by the application of a proper gate voltage



to graphene assembled in the field-effect transistor configuration. Due to this diffusion barrier reduction,

the formation of bigger Ga clusters at the same temperature can be achieved.

The presented theoretical work has two important experimental and practical impacts dealing with
Ga/graphene system formation. First, the n-doping of graphene by Ga is limited to a saturation level due
to the formation of large no-doping clusters at higher Ga coverages. Second, the diffusion of Ga on

graphene can be enhanced by an external electric field.
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