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The intercalation of heteroatoms between graphene and metal substrates is a promising method for integrating epi-
taxial graphene with functional materials. Various elements and their oxides have been successfully intercalated into
graphene/metal interfaces to form graphene-based heterostructures, showing potential applications in electronic devices.
Here we theoretically investigate the hafnium intercalation between graphene and Ir(111). It is found that the penetration
barrier of Hf atom is significantly large due to its large atomic radius, which suggests that hafnium intercalation should be
carried out with low deposition doses of Hf atoms and high annealing temperatures. Our results show the different inter-
calation behaviors of a large-size atom and provide guidance for the integration of graphene and hafnium oxide in device
applications.
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1. Introduction
Graphene, an atomically thin two-dimensional (2D) ma-

terial with excellent mechanical properties and unique elec-
tronic and optical properties, shows broad applications in
a variety of functional devices.[1–3] One of the methods
to get high-quality and single-crystalline graphene is the
epitaxial growth on transition metal substrates.[4–9] How-
ever, the electronic structures of graphene obtained in such
a way are usually distorted, hindering the applications of
graphene.[10–12] One effective approach for this problem is in-
tercalating heteroatoms into graphene/metal interfaces, which
not only weakens the interaction between graphene and metal
substrates,[13–19] but also provides the feasibility for the in-
tegration of graphene and other 2D materials without trans-
fer process, whereby functional devices with clean interface
can be achieved.[20,21] Recently, several studies reported the
oxides intercalation between graphene and metal substrates,
such as SiO2,[22,23] GeOx,[24] and MgO.[25] The oxides in-
tercalation was achieved through the stepwise intercalation of
heteroatoms and oxygen. After that, in situ graphene devices
could be fabricated, and the transport properties of epitaxial
graphene could be measured and explored.

Due to the higher dielectric constant, HfO2 can exhibit
better performance in electronic devices compared to SiO2,
GeOx, and MgO,[26] making the HfO2 intercalation between
graphene and metal substrates highly desired. To realize the
HfO2 intercalation, it is critical to achieve Hf intercalation
in graphene/metal systems, since the successful intercalation

of Hf as well as the maintenance of sharp interfaces and in-
tact epitaxial graphene, which can be ensured by the interca-
lation method, are essential for the subsequent oxidation op-
eration. To date, the Hf intercalation has been experimen-
tally achieved in less than onemonolayer epitaxial graphene
on Ir(111) substrates.[27] Although the incomplete graphene
can facilitate the Hf intercalation through graphene edges or
pre-existing defects, it is not suitable for the oxidation op-
eration since it cannot resist the corrosion of oxygen.[28,29]

Thus, investigation of Hf intercalation in epitaxial defect-free
graphene is still desired. Previously, taking Si intercalation be-
tween graphene/Ru as a model, several mechanisms have been
proposed to account for heteroatoms’ intercalation in epitax-
ial defect-free graphene.[30,31] However, considering that the
atomic radius of Hf atom is significantly larger than that of Si
atom, it is unknown whether the scenario of Si atoms applies
to Hf atoms.

In this paper, we investigate the Hf intercalation between
graphene and Ir(111) substrate using first principle calcula-
tions. Based on previously reported mechanism which in-
volves cooperative interaction of heteroatoms and substrates,
we sequentially investigate the following processes: the ad-
sorption of Hf atoms on graphene/Ir(111), the formation of
carbon vacancies in Hf/graphene/Ir(111), the penetration of Hf
adatoms, and the diffusion of intercalated Hf atoms at the in-
terface. We find that during the process, the vacancy formation
energies and diffusion barriers are small while the penetra-
tion barriers are abnormally large, which is different from the
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case where all energies or barriers are small in Si intercalation
between graphene/Ru(0001).[30] The high penetration barriers
indicate that the general condition usually employed in Si or
SiO2 intercalation experiments are not applicable to the Hf or
HfO2 intercalation. Therefore, we propose a strategy with a
low deposition dose of Hf atoms and a high annealing temper-
ature for Hf or HfO2 intercalation, which would eliminate the
effect of the high penetration barriers of Hf atoms.

2. Methods
First principles calculations based on density functional

theory (DFT) were performed using Vienna ab initio simu-
lation package (VASP).[32,33] The projector augmented wave
method[34] was used to describe the electron–ion interaction.
For the graphene/Ir(111) and Hf/graphene/Ir(111) system, as
suggested in the literature[35–37] and in our test calculations
(see Figs. 1 and S1), local density approximation functional
was employed, which allows us to obtain similar geometric
and electronic structures with two layers of substrate as those
using PBE-D3 functional (in which Grimme’s empirical cor-
rection is used to describe the van der Waals interaction[38])
with three layers of substrate. The energy cutoff of the plane-
wave basis sets was 400 eV and a Γ point k-sampling was
employed. The periodic slab model of the graphene/Ir(111)
system included two layers of 9× 9 Ir(111), one layer of
10× 10 graphene, and a vacuum layer of at least 20 Å. All
atoms except the bottom substrate layer were fully relaxed un-
til the net force on each relaxed atom was less than 0.01 eV/Å.
Various sites were calculated for the adsorption of Hf atoms
on graphene/Ir(111) and the creation of carbon vacancies in
Hf/graphene/Ir(111). Both fcc and hcp regions were taken
into account for the Hf penetration calculations. The path-
ways for the penetration and interfacial diffusion of Hf atoms
were simulated using the climbing-image nudged elastic band
(CI-NEB) method.[39,40]

3. Results and discussion
According to the mechanism for heteroatoms’ interca-

lation in epitaxial defect-free graphene proposed by Li et
al.,[30] the whole intercalation process consists of the fol-
lowing four key stages: (i) adsorption of heteroatoms on
graphene/metal and creation of carbon vacancies, (ii) penetra-
tion of heteroatoms into graphene/metal interface via carbon
vacancies, (iii) self-repairing of graphene lattice, (iv) migra-
tion of heteroatoms at the interface and growth of an interca-
lated layer. Based on this mechanism, we first investigate the
possible adsorption sites of Hf atoms on graphene/Ir(111). For
graphene/Ir(111), the optimized atomic configuration is shown
in Figs. 1(a) and 1(b). The graphene is slightly corrugated due
to the weak interaction between graphene and Ir(111). The

interface spacing is 3.19 Å and the graphene ripple size is
0.57 Å, in agreement with the calculated results using PBE-
D3 (see Figs. S1(a) and S1(b)). Four high-symmetric regions,
namely fcc, hcp, atop and bridge, are marked in Fig. 1(a). We
calculate the electronic structures of graphene/Ir(111) to check
the strength of orbital hybridization between Hf atoms and car-
bon atoms of the four high-symmetric regions, whereby the
possible adsorption sites of Hf atoms can be determined. Fig-
ure 1(c) shows the projected density of states (PDOS) on pz

orbitals of Ca and Cb atoms, which denote the two types of car-
bon atoms contained in graphene lattice. We find that the Ca

atoms in hcp region have the highest PDOS intensity near the
Fermi level, implying that they are most active to interact with
the Hf adatoms. The electronic structures of graphene/Ir(111)
calculated using PBE-D3 have similar results (see Fig. S1(c)).
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Fig. 1. Configuration and projected density of states of graphene
on Ir(111). (a) and (b) Top and side views of the configuration of
graphene/Ir(111), respectively. The carbon atoms in the fcc, hcp, bridge
and atop regions are marked in grey, black, orange and blue, respec-
tively. Two types of carbon atoms are contained in a unit cell of
graphene lattice, as labelled by Ca and Cb in the upper-right inset of
(a). The lower-right inset of (a) shows the typical adsorption sites on
graphene/Ir(111) with red dots. H, B, and T denote hollow, bridge, and
top adsorption sites, respectively. The interface spacing and graphene
corrugation in graphene/Ir(111) are illustrated in (b). (c) The projected
density of states on pz orbitals of Ca and Cb atoms in different regions
of graphene/Ir(111).

The adsorption sites of Hf atoms on graphene/Ir(111)
are further checked by calculating the adsorption energies be-
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tween Hf atoms and graphene/Ir(111). The definition of ad-
sorption sites is illustrated in the lower-right inset of Fig. 1(a).
Among them, T1 and T2 denote the top of Ca or Cb atoms,
B denotes the bridge of two nearest carbon atoms, and H de-
notes the hollow of a hexagonal benzene ring. The adsorption
energy Eads is defined as follows:

Eads = EHf/graphene/Ir−Egraphene/Ir−EHf,

where EHf/graphene/Ir is the total energy of a Hf adatom
on graphene/Ir(111), Egraphene/Ir is the total energy of
graphene/Ir(111), and EHf is the energy of a single Hf atom.
The adsorption energies at different adsorption sites are sum-
marized in Table 1. We find that for each high-symmetric re-
gion, the most stable adsorption site for Hf atoms is the hollow
site. Such results can be attributed to the electronic structure
of Hf atoms, which has a valence shell configuration of 5d26s2

with four unpaired electrons. The maximum number of Hf–C
bonds can be formed when Hf atoms are absorbed at hollow
sites. Hollow sites in the hcp region are most preferred, which
is consistent with the PDOS calculations in Fig. 1(c). How-
ever, since the adsorption energy in the fcc region is almost
the same as that in the hcp region, the adsorption of Hf atoms
in both regions will be taken into account in the subsequent
calculations.

Table 1. Adsorption energies of a hafnium atom on different adsorption
sites of graphene/Ir(111), in units of eV. For some adsorption sites, the
hafnium atom cannot be stably adsorbed and migrate to other sites after
structure optimization, which is represented by initial adsorption site→
final adsorption site.

fcc region hcp region Bridge region Atop region
Top site (T1) –3.94 –3.91 –2.73 –2.69
Top site (T2) T2→ H –2.65 –2.71 –2.70
Hollow site –4.12 –4.13 –3.01 –2.93
Bridge site B→ T1 B→ H B→ H B→ H

Then we investigate the formation of a carbon vacancy in
Hf/graphene/Ir(111), which is the prerequisite for the penetra-
tion of Hf atoms, as schematically shown in Fig. 2(a). We cal-
culate the vacancy formation energies of the carbon vacancies,
which can provide the possibility of their formation. The for-
mula used to calculate the vacancy formation energy is given
as follows:

Ev = EHf/graphene vac/Ir +ECarbon−EHf/graphene/Ir,

where EHf/graphene vac/Ir is the total energy of a Hf adatom on
top of defected graphene on Ir(111), ECarbon is the chemical
potential of a single carbon atom in free-standing graphene,
EHf/graphene/Ir is the total energy of Hf/graphene/Ir(111). Con-
sidering that Hf atoms were absorbed at the hollow sites in
graphene, we locate the vacancy at various carbon sites of
the hexagonal ring and calculate the corresponding vacancy
formation energies (see Fig. S2 and Table S1). The vacancy
formation energies in the fcc and hcp regions are 0.50 eV

and 0.30 eV, respectively. These vacancy sites were chosen
for the following penetration barrier calculations. It has been
reported that for graphene/metal systems, the adsorption of
heteroatoms will facilitate the formation of carbon vacancies
in graphene.[30] In the case of Si/graphene/Ru, the vacancy
formation energy in graphene is as low as 0.23 eV.[30] Our
calculated values are comparable to those of Si/graphene/Ru,
indicating the possibility of creating carbon vacancies in
Hf/graphene/Ir(111).

In the presence of a carbon vacancy in graphene, the pen-
etration of Hf atoms from the surface to the interface can be
achievable. We then investigate the penetration process of
Hf atoms and the corresponding energy barriers. Figure 2(a)
shows the intercalation path of a Hf atom in graphene/Ir(111).
From the middle panel, we find that the Hf atom passes
through the vacancy with neighboring carbon atoms on its
one side being pressed down and those on the other side
being lifted up. We speculate that this penetration behav-
ior is induced by the large atomic size of Hf, since the
Hf atom enlarges the vacancy hole before passing through.
The corresponding energy barriers of Hf atoms penetration
in the fcc and hcp regions of graphene/Ir(111) are shown in
Figs. 2(d) and 2(e), respectively. The energy barriers are
2.14 eV and 2.38 eV in the fcc and hcp regions, respectively.
Both energy barriers are larger than that of Si intercalation at
graphene/Ru(0001) interface[30] because of the large size of
Hf atoms. For comparison, we also calculate the Hf atoms in-
tercalation in free-standing graphene, as shown in Figs. 2(b)
and 2(c). The penetration process of Hf atoms in free-standing
graphene is analogous to that in graphene/Ir(111), but the pen-
etration barrier in free-standing graphene is even higher, that
is, 5.15 eV, suggesting that this process is unlikely to happen
in reality. As reported previously,[30] the penetration barri-
ers of Si atoms in graphene/Ru and free-standing graphene
are 0.66 eV and 0.33 eV, respectively, which are smaller than
those of Hf atoms. The larger penetration barriers of Hf atoms
suggest that the Hf intercalation process will happen at an-
nealing temperatures higher than those of Si intercalation.
Moreover, we estimate that even the annealing temperature
is increased to 1300 K, the intercalation rate of Hf atoms in
graphene/Ir(111) is still 5 to 6 orders of magnitude lower than
that of Si atoms in graphene/Ru(0001) with the annealing tem-
perature at around 700 K–900 K (see Fig. S3). As mentioned
in previous work,[31] low intercalation rates would induce a
longer average penetration time and surface residues. This
suggests that in addition to increasing the annealing temper-
ature, the amount of Hf atoms deposited should be reduced,
which will help to avoid Hf atoms remaining on the surface
due to low intercalation rates. Therefore, due to the highly
large penetration barriers, Hf intercalation should be carried
out with low deposition doses of Hf atoms and high annealing
temperatures.
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Finally, we investigate the Hf atoms diffusion at the
interface of graphene/Ir(111). According to the proposed

mechanism, when the penetration of Hf atoms is accom-
plished, the self-repairing of defected graphene will occur
simultaneously,[30] as schematically shown in Fig. 2(a). Then
the Hf atoms will diffuse under the graphene to form an in-
terface layer. We calculate the interfacial diffusion barriers to
provide the possibility of the formation of the interface layer.
We first evaluate the preferable regions for Hf atoms to stay
under graphene by calculating the total energies of different
graphene/Hf/Ir(111) structures. Table S2 shows that the struc-
ture is most stable when Hf atoms are located in the atop re-
gion, followed by the hcp region, then the bridge region, and
finally the fcc region. By assuming that Hf atoms penetrate in
the fcc region, we then simulate two diffusion paths: one is
from fcc to atop, corresponding to the diffusion of Hf atoms
from the penetration region to the most stable region under-
neath graphene; the other is from fcc to hcp, which is the sub-
sequent process after the atop region is filled with Hf atoms.
The two diffusion paths and their corresponding diffusion bar-
riers are shown in Figs. 3(a) and 3(b), respectively. We find
that the interfacial diffusion barriers of Hf atoms are in the
range of 0.31–0.59 eV, which are comparable to that of Si
atoms (0.5 eV) in graphene/Si/Ru(0001).[30] The small interfa-
cial diffusion barriers suggest that Hf atoms can easily diffuse
at the interface of graphene/Ir(111) and form an intercalated
layer.
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Previous experimental results have shown that a 2× 2
superlattice of Hf atoms can be formed at the interface of
graphene/Ir(111).[27] Furthermore, the Raman spectra have in-
dicated that the graphene is decoupled from the Ir(111) sub-
strate after Hf intercalation.[27] Therefore, we believe that the
intercalated Hf layer weakens the interaction between epitax-
ial graphene and Ir substrate.

4. Conclusions and perspectives
In summary, we have studied the Hf intercalation between

graphene and Ir(111). Due to the large atomic size of Hf,
the energy barriers of Hf penetration are large, which will
lead to restricted conditions for Hf intercalation experiments.
When Hf intercalation is performed based on intact epitaxial
graphene, we suggest that it should be carried out with low de-
position doses of Hf atoms and high annealing temperatures,
which will prevent Hf atoms from aggregating into larger clus-
ters and provide sufficient energy supply for Hf atoms to over-
come the large penetration barriers. Otherwise, Hf atoms may
be pinned to the surface or get stuck in the created vacan-
cies, which cannot guarantee the clean interface of the fabri-
cated heterostructure and the high quality of graphene. These
theoretical results can provide important guidance for the fu-
ture integration of epitaxial graphene and the high-κ HfO2 di-
electrics.
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