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ABSTRACT

Currently, intercalation of foreign guest atoms into two-dimensional (2D) layered van der Waals materials is an active research area moti-
vated in part by the development of next-generation energy-storage technologies and optoelectronic devices. One such extensively studied
2D material is the graphene-on-SiC system. To realize and control the desired intercalated structures, it is fundamentally important to under-
stand the kinetic process of intercalation. For the intercalation of a guest atom into graphene layers on SiC substrate, a critical kinetic param-
eter is the energy barrier of a guest atom penetrating the perfect graphene top layer into the gallery under it. However, accurate theoretical
calculations for such penetration barriers are unavailable in literature. From our first-principles density functional theory calculations, we
obtain the global energy barriers of 3.47 and 1.80 eV for single Dy and H atoms penetrating the graphene top layer on a graphene buffer layer
supported by a Si-terminated 6H-SiC(0001) substrate, respectively. For comparison as well as for examining the lateral strain effects, we also
obtain the global barriers of 5.05 and 1.50 eV for single Dy and H atoms penetrating freestanding bilayer graphene with a tensile strain of
about 8.8% to match our model for supported graphene, as well as the global barriers of 7.21 and 4.18 ¢V for penetrating unstrained free-
standing bilayer graphene, respectively. From corresponding minimum energy paths with multiple energy minima and saddle points, we can

also obtain various local energy barriers and the global backward barrier from the graphene gallery back to the top surface.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0056916

Intercalation of foreign guest atoms into two-dimensional (2D)
layered van der Waals (vdW) materials is becoming a rapidly growing
research area for developing next-generation energy-storage technolo-
gies and optoelectronic devices. ” An extensively reported example is
intercalation of various guest atoms into the epitaxial graphene sup-
ported by an SiC substrate.” As a result of intercalation under the so-
called buffer layer graphene, graphene can be decoupled from the SiC
substrate to consequently obtain desirable quasi-freestanding graphene
layers.” ” Many new interesting and important properties from these
intercalation studies have also been reported, such as superconductiv-
ity,' """ high-performance graphene transistors,© quantum Hall
effect,’” band structure '[uning,m’2 ' metal-dielectric transitions,””
semiconductor to metal transitions,”” etc.

To realize relevant promising applications, an understanding of
the kinetics of the intercalation process is fundamentally important. A
key parameter that must be considered for controlling the kinetic pro-
cess of intercalation is the energy barrier of a guest atom penetrating
the perfect top graphene layer into the gallery underneath it. However,

appropriate theoretical assessment of such a critical energy parameter,
especially from density functional theory (DFT) plus the climbing
image nudged elastic band (CINEB) method,”* appears to be lacking.
Note that the DFT-plus-CINEB method for calculating minimum
energy paths (MEPs) and consequently for obtaining the diffusion bar-
riers is well-developed and more reliable relative to the earlier meth-
ods.”* To estimate the penetration barriers of alkali atoms (Li, Na, Rb,
and Cs) into graphene on SiC, Boukhvalov et al.”” constructed a rough
model using a bilayer graphene with a partially hydrogenated bottom
graphene as the artificial buffer-layer graphene (BLG) between the
top-layer graphene (TLG) and terminal Si layer of a SiC substrate, i.c.,
the model is not a real graphene-on-SiC system. In addition, their
DFT calculations do not involve the CINEB method.

In this Letter, we report the first-principles DFT-plus-CINEB
results for energy barriers of single guest Dy and H atoms penetrating
graphene supported on a 6H-SiC(0001) substrate. For the graphene-SiC
system, we consider two graphene layers above the terminal Si layer of
the SiC substrate: specifically the TLG and the underlaying BLG. We
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choose the typical rare-earth element Dy, as experiments show that
intercalation occurs,”® and also choose H for which multiple studies are
reported in the literature.””'®'"*"~*> For the 6H-SiC(0001) substrate,
previous experiments suggest that supported graphene layers exhibit
(6v/3 x 6v/3)R30° superlattice ordering,””” which evolves at lower
temperatures from superstructures including the (\/5 X \/5) R30°
superlattice ordering.”® Thus, for DFT calculations, there are two rea-
sonable models for describing the graphene-SiC system. In model 1, a
13 x 13 graphene overlayer with a small lateral tensile strain of about
0.4% matches the substrate, while a 2 x 2 graphene overlayer with a rel-
atively larger lateral tensile strain of about 8.8% matches the substrate in
model 2. Due to the extreme computational expense for model 1, we
only choose model 2, which, in fact, has already been widely used in lit-
erature.”””** However, to examine the strain effects and the substrate
effects, we also report our results for penetration into unsupported or
freestanding bilayer graphene with and without a tensile strain of about
8.8%. The former matches the strain in the supported graphene. Results
for intercalation through freestanding bilayer graphene are also instruc-
tive, given recent experiments for K, Cs, Li, and Pd intercalations in free-
standing bilayer graphene.”” The DFT method used in this work was
described previously in detail,” and key information is provided in the
supplemental material.

To obtain the MEP of a guest atom penetrating the top graphene
layer into the underlying gallery for both supported and unsupported
graphene, we first need to find two appropriate configurations as the
CINEB endpoints. For these, the guest atom is either adsorbed on
TLG or intercalated in the gallery between the two graphene layers
(the TLG and the BLG in the supported case). By relaxing the configu-
rations with the guest atom initially at seven different positions (see
Fig. 1) for both adsorption and intercalation, we can find various local
equilibrium configurations.**

OO

Top view of bilayer graphene

FIG. 1. Top view of bilayer graphene with a guest atom at seven different positions
(red dots) considered in our DFT calculations for adsorption and intercalation. Small
(large) balls represent the top (bottom) graphene layer. The letters T, H, M, B, and
C stand for top, hollow, midpoint, bridge, and center, respectively. The first (second)
letter corresponds to the top (bottom) graphene layer. An additional letter “t (i)” will
be used to indicate adsorbed top (intercalated) positions.
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First, we present results for intercalation of a guest Dy atom. We
find that the energetically most favorable adsorption position is always
at a tHT site (where “t” labels the guest atom on top), which is taken
as our first CINEB endpoint. The second endpoint is taken to be a
local energy minimum, where the Dy atom is intercalated in the gal-
lery with the shortest distance from the Dy atom for the first endpoint.
We find that this second endpoint is always approximately at iHT
(where “i” labels the guest atom in the gallery). Using these two end-
points, we perform CINEB calculations for three systems and obtain
the MEPs in Fig. 2. The binding energy for the guest Dy atom shown
in Fig. 2 is defined as Epina = Etot — Ecln — Egas» Where Eiy is the total
energy of the guest atom plus graphene supported on SiC or plus free-
standing graphene, Eq, is the energy of the clean graphene-SiC or free-
standing graphene system without the guest atom, and Egy; is the
energy of the guest atom in the gas phase. As seen in Fig. 2, an MEP
can have multiple energy minima and saddle points. We denote the
energy minima as mi, where i =0, 1, 2, ..., starting from the first
endpoint m0, and the saddle points as sj, where j = 1, 2, 3, ..., from
adsorption toward intercalation along the MEP. The binding energies
corresponding to mi and sj are listed in Table I, from which any local
energy barrier can be readily calculated by taking the energy difference
between mi and sj by specifying i and j. The global barrier for penetra-
tion is the energy of the highest saddle point relative to m0, as indi-
cated in bold font in Table I and by the blue arrows in Fig. 2. In
addition, because Eping at a tHT site (m0 in Fig. 2) is always lower than
that at an iHT site [m3 in Fig. 2(a), m2 in Fig. 2(b), and m3, m4, m5,
or m6 in Fig. 2(c)], the intercalation into the gallery is always energeti-
cally more favorable than the adsorption on the top.”***

For the graphene-SiC system in Fig. 2(a), we find three saddle
points. The highest one is s2 corresponding to the global barrier of
347¢V. For the freestanding bilayer graphene with the same tensile
strain (about 8.8%) as that in Fig. 2(a) (ie., after removing SiC), we find
two saddle points with s1 corresponding to a larger global barrier of
5.05 eV, indicating that the SiC substrate reduces the penetration barrier
by 1.58 eV. In addition, the SiC substrate also changes the intercalation
details, e.g,, during the penetration, some C atoms near the Dy atom are
pushed down to the gallery in Fig. 2(a), but up to the top in Fig. 2(b), as
shown in the trajectories. This indicates that the SiC substrate has signif-
icant interactions with the C atoms of the graphene above it.

For the unstrained bilayer graphene in Fig. 2(c), we do not find a
short direct intercalation pathway, in contrast to Fig. 2(a) or Fig. 2(b),
where the Dy atom directly goes down to the gallery. Instead, we find
that the Dy atom first sequentially pushes two nearby C atoms up and
then goes down to the gallery, as illustrated by the trajectory in Fig.
2(c). The global barrier of 7.21 eV appearing at s3 is significantly larger
than 5.05 eV for the strained graphene in Fig. 2(b). This indicates the
difficulty of penetrating an unstrained graphene layer. That exerting a
tensile strain can significantly change the MEP and reduce the pene-
tration barrier is likely due to the increased graphene lattice constant
from ac = 2.465 A to aé =2.681 A, for which the area of a C ring
becomes larger and, therefore, provides a wider space for an easier
penetration. For a complementary analysis from the electron localiza-
tion function (ELF)"* plots, see the discussion for Fig. S1 in the supple-
mentary material. Additionally, we also obtain a barrier of 0.09 eV for
the Dy atom diffusing within the gallery for unstrained graphene, as
plotted in Fig. 2(c), where m3 corresponds to the final configuration of
the trajectory, and mé6 corresponds to the Dy atom at an iHT site close
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FIG. 2. MEPs (green curves) of a Dy atom penetrating graphene. (a) Supported 4a; x 4a¢ TLG plus BLG matching 2+/3asic x 2+/3asic Si-terminated 6H-SiC(0001) sub-
strate, where a5 = 2.681A is the lattice constant of graphene with a tensile strain of about 8.8% relative to the SiC(0001) lattice constant agic = 3.095 A% (b) Freestanding
Bag x bag bilayer graphene with a tensile strain of about 8.8%. (c) Freestanding unstrained 6ac x 6ac bilayer graphene, where ac = 2.465 A.* Green dots on the curves
are the CINEB images. Insets show the trajectories for the Dy penetrations and also indicate the supercells with top and side views. To avoid the possible lateral shift of TLG
during relaxation,”® we fix the lateral coordinates of one C atom far from the Dy atom for each graphene layer. For (a), the k meshis 6 x 6 x 1, and the dangling bonds of bot-
tommost C atoms are passivated by pseudo-H atoms. For (b) and (c), k meshis 4 x 4 x 1.

to and below the initial tHT site at m0. The diffusion path m3 — 3
— m4 — s4 — m5 — s5 — m6 is composed of three identical hops
due to the geometric symmetry, and not included in the trajectory in
Fig. 2(c). Thus, the entire MEP from m0 to m6 in Fig. 2(c) is a rather
detoured pathway, in contrast to Figs. 2(a) and 2(b), again indicating
the difficulty of the Dy atom penetrating an unstrained graphene layer.
As mentioned above, overlayer graphene for model 1 has a negli-
gible strain of about 0.4%, close to an unstained graphene. Therefore,
we expect that the penetration barrier Eqp, for model 1 is likely

significantly larger than 3.47eV for model 2 in Fig. 2(a), but not
greater than 7.21 eV for unstrained graphene in Fig. 2(b) by consider-
ing that the graphene can relax and consequently result in significant
corrugations, so that the local tensile strain larger than 0.4% is likely
available.”® Thus, we obtain a lower limit of 3.47 eV and an upper limit
of 7.21eV for a Dy atom penetrating any graphene-SiC system.
Consider the penetration rate with the Arrhenius forms
rap = ve L/ (T) wwhere v ~ 10'%/s is the attempt frequency, T is the
temperature, and kg is the Boltzmann constant. For Eg, = 3.47 to

TABLE |. DFT data (also see TABLE S2 in the supplemental material for expended decimal digits) for binding energy Eping and relative energy (in eV) for energy minima mi and
saddle points sj in Fig. 2 for Dy and Fig. 3 for H.

Configuration Fig. 2(a) Fig. 2(b) Fig. 2(c) Fig. 3(a) Fig. 3(b) Fig. 3(c)
Binding energy m0 —2.63 —2.80 —1.74 —1.92 —1.78 —0.97
sl —0.83 2.25 4.01 —0.14 —0.42 321
ml —1.58 —2.79 3.76 —0.17 —0.50 —0.90
s2 0.84 —2.72 5.48 —0.13 —0.28
m?2 —0.44 —3.73 5.03 —1.69 —1.76
s3 —0.11 7.21 —0.69
m3 —4.05 —2.54 —2.98
s4, s5, s6 —2.46
m4, m5, m6 —2.54
Relative energy m0 0.00 0.00 0.00 0.00 0.00 0.00
sl 1.80 5.05 5.75 1.78 1.36 4.18
ml 1.05 0.01 5.50 1.75 1.28 0.07
s2 3.47 0.08 7.21 1.80 1.50
m2 2.19 —0.93 6.77 0.23 0.01
s3 2.52 8.95 1.23
m3 —1.42 —0.81 —1.06
s4, s5, s6 —0.72
m4, m5, m6 —0.81
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721eV and an experimental annealing temperature up to
T = 900°C726 the rate Tap = 1072 to 107 '8/s, which is very low for
the penetration. This has motivated us to consider other pathways
which might be operative to interpret the experimentally observed
intercalation for this system.”®

From the MEP in Fig. 2(a), we also note that there is a barrier
Emo—mi (at s1) from moO to m1. If E,p—.m; is not sufficiently high, the
energy of m1 is sufficiently low (e.g., lower than m0), and s2 is suffi-
ciently high, then m1 is a rather stable configuration corresponding to
a guest-atom-induced TLG point defect, where a C atom is pushed
down by the guest atom (plus the SiC substrate effect described above)
to form a sp’-like hybridization with a C atom in the BLG. In Fig. 2(a),
Emo—m1 = 1.80eV and s2 is sufficiently high, but ml is not suffi-
ciently low with a relatively small local backward barrier
Emi—mo = 0.75¢€V. Thus, it is not quite possible for a Dy atom to
induce a defect within a temperature range of interest in experiments.
However, we do not rule out that another type of guest atom can
simultaneously satisfy the above three conditions so that the guest-
atom-induced point defects form in the TLG.

Next, we switch to consideration of intercalation of H guest
atoms. Before discussing H penetration, let us first analyze the favor-
ability of a single H atom on TLG and in the gallery underneath it. For
the graphene-SiC system, we find that the most favorable adsorption
position on TLG is at a tTT site (see m0 and trajectories) in Fig. 3(a).
Unlike a metal atom (like Dy) generally ionically binding with its sur-
rounding C atoms, the binding of a H atom is covalent with one
nearby C atom.™ As shown in Fig. 3(a), the iTT site of a H atom near
TLG corresponds to a local minimum m?2, and the most favorable site
is at m3 with the H atom approximately at an iHT site near BLG. Epind
at m2 is 0.23 eV higher than m0, while Epjng at m3 is 1.06 lower than
m0, indicating that the intercalation at m3 is much more favorable
than at m0.

For freestanding bilayer graphene, the most favorable adsorption
position on TLG is at a tTH site (see m0 and trajectories) in Figs. 3(b)
and 3(c). There are two most favorable and identical binding sites in
the gallery: one is at an iTH site near the TLG [ie, m2 in Fig. 3(b) or
ml in Fig. 3(c)] and another one is its symmetric site iHT near the
bottom-layer graphene. Although an energy barrier is expected

scitation.org/journal/apl

between these two symmetric sites, we do not consider the H diffusion
between them in this work. In addition, we find that Ep;,q at m2 in
Fig. 3(b) or m1 in Fig. 3(c) is higher than m0 by tens of meV (also see
Table I), indicating that intercalation of a single H atom is more unfa-
vorable than adsorption on TLG. Also, the Ep;ng difference from top to
gallery reduces from 0.07 eV to 0.01 eV after the strain is exerted from
Fig. 3(c) to Fig. 3(b), indicating that the tensile strain can weaken the
unfavourability of intercalation for freestanding bilayer graphene.

Using the above-obtained mi as the CINEB endpoints, we obtain
the MEPs in Fig. 3. There is a similarity in the MEPs and trajectories
from m0 to m2 in Figs. 3(a) and 3(b), where the H atom goes around
a C atom from the tTT or tTH site (m0) to the iTT or iTH site (m2)
through a BM site (see Fig. 1) as a local minimum ml. Thus, there
appear two saddle points s1 and s2 from m0 to m2, the highest s2 cor-
responding to the global penetration barriers of 1.80 eV and 1.50 eV
for strained graphene with and without SiC substrate, respectively. For
an unstrained bilayer graphene, only one saddle point s1 with a larger
penetration barrier of 4.18 eV is found, and the diffusion path goes
through a MM site (see Fig. 1) approximately, as shown in Fig. 3(c). In
contrast to Fig. 3(c), going through a BM site but not a MM site on the
diffusion path with the significantly smaller global penetration barriers
in Figs. 3(a) and 3(b) indicates that the tensile strain makes the pene-
tration easier likely due to the expanded graphene lattice constant. For
a complementary analysis from the ELF plots, see the discussion for
Fig. S2 in the supplementary material. Additionally, using m2 and m3
in Fig. 3(a) as two CINEB endpoints, we obtain the partial MEP in
Fig. 3(a) from m2 to s3 to m3. The energy difference from m3 to s3
gives a barrier of 2.29 eV for a H atom diffusing in the gallery. This
large barrier indicates the strong bonding between the H atom and its
adjacent C atom but is not related to penetration and will be discussed
elsewhere."”

As analyzed above for Fig. 3(a), we obtain a global penetration
barrier of 1.80 eV, which can be viewed as the lower limit of Egp, con-
sidering that this result is obtained from a strained graphene layer on
SiC (i.e., model 2). For almost-unstrained graphene on SiC (i.e., model
1), we estimate an upper limit of 4.18eV from the freestanding
unstrained bilayer graphene in Fig. 3(c) by, again, considering that the
overlayer graphene can be locally tensile-strained due to the relaxation.
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FIG. 3. MEPs of a H atom penetrating (a) supported 4a; x 4a; TLG plus BLG on 2v/3agc x 2+/3asic Si-terminated 6H-SiC(0001) substrate, (b) freestanding Gag x 6ag
bilayer graphene with a strain of about 8.8%, and (c) freestanding unstrained 6ac x 6ac bilayer graphene. Other details are similar to those in the caption of Fig. 2.
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In experiments of Lin et al,” the temperature for H intercalation into
graphene on 6H-SiC(0001) substrate is higher than 700 °C. In experi-
ments of Kunc et al.,”* the H intercalation temperature for graphene
on 4H-SiC(0001) substrate is 790 to 1510 °C. If we take the lower limit
Egp = 1.80eV and T =790°C, then the penetration rate
Tap = ve Fa/UsT) = 3.1 % 10%/s, which is sufficiently high for the
penetration. Thus, the above Egp is reasonably consistent with the
experimental H intercalation temperatures. Here, we need to mention
that the nuclear quantum effects (NQEs) (including zero-point
motion, discrete vibrational levels, and tunneling),48’4° which are not
taken into account in the calculations of this work, may affect the dif-
fusion barriers for lightweight H. However, based on the above quanti-
tative consistency analysis with experimental data, we reasonably
expect that the NQEs would be not significant™ at an experimentally
typical intercalation temperature (much higher than 100K). For
instance, previous path-integral molecular dynamics calculations for
diffusion of hydrogen isotopes in metals give a barrier modification of
about tens of meV after considering NQEs above 60 K,* while the
quantum tunneling effects for H on surfaces at the above intercalation
temperatures can be generally negligible (for more information, see
Sec. $4 in the supplementary material).

Finally, we also mention that reversible deintercalation of interca-
lated H is of relevance for potential technological applications, e.g.,
hydrogen storage.””’” For deintercalation of H, the key energy
parameter is the backward barrier Eg, from the gallery to the top. The
global backward barrier for each system in Fig. 2 or Fig. 3 can be
obtained by taking the energy difference from the global minimum in
the gallery to the highest saddle point. For example, using Table I, we
get Eg, = 2.85¢eV by taking the energy difference from m3 to s2 in
Fig. 3(a), and then the backward rate rg, = ve F/(%7) ~ 55/5 at
900 °C, which is sufficiently high so that the intercalated H can be
deintercalated.™”***

In conclusion, we have performed DFT-CINEB calculations and
obtained the MEPs for single Dy and H atoms penetrating the graphene
supported on 6H-SiC(0001) substrate and the freestanding bilayer gra-
phene. The global energy barriers are 3.47 eV and 1.80 eV for the single
Dy and H atoms penetrating graphene supported on the SiC substrate
with the graphene having a strain of about 8.8%, respectively. For com-
parison, we also obtain the global penetration barriers of 5.05eV and
1.50eV for the Dy and H atoms after removing the SiC substrate but
retaining strain, as well as 7.21eV and 4.18eV for penetrating the
unstrained freestanding bilayer graphene, respectively. These results
indicate that tensile strain can effectively reduce penetration barriers.
Thus, we expect that the global energy barrier of a Dy atom penetrating
realistic (locally almost-unstrained or strained) graphene on a SiC sub-
strate is within 3.47 to 7.21 eV, and within 1.80 to 4.18 eV for a H atom.
Recall that such a realistic system is so large that calculations for it are
extremely demanding, and thus unavailable. From the binding energies
(Table I) on corresponding MEPs, the specific local energy barriers and
global backward barriers can be also obtained. The method used in this
work applies for other types of guest atoms penetrating a 2D material.

See the supplementary material for the DFT method and bench-
mark analysis, DFT data with extended decimal digits, ELF plots for
single Dy and H atoms plus freestanding bilayer graphene with and
without tensile strain, and quantum tunneling information for H dif-
fusion on a surface.
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