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Abstract: The growth of large areas of two-dimensional homogeneous graphene depends on the
bond between the metal film, which acts as a catalyst, and the substrate material. The structural
differences between the metal and the various anisotropic crystals make this growth method a
challenge for the feasibility of growing graphene on optical crystals. In this paper, the evolution of the
adsorption energy between nickel (Ni) films and Lithium Niobate (LiNbO3, LN) crystals is modelled
under different thermal treatment environments by constructing a physical model of the temperature
dependence of the adsorption energy between the two materials. With the aid of a series of simulated
full annealing processes, the changes in adsorption energy at different temperatures were calculated.
The results show that there are two “temperature windows” with target annealing temperatures of
700-800 K and 950-1050 K that prove to have high adsorption energies. This is of great guiding and
practical significance for the direct transfer-free synthesis of graphene on LiNbOj; substrates.
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1. Introduction

Since graphene was first prepared by mechanical exfoliation in 2004 [1], research
reports on graphene have sprung up due to its fascinating physical and electrical properties,
such as excellent mechanical strength [2], ultrafast carrier mobility [3], near transparency in
a wide spectral range from visible to infrared [4], and high thermal conductivity [5]. One of
the most important parts is the direct synthesis of graphene on the desired substrate [6-8],
as this transfer-free method avoids the additional graphene degradation introduced by the
wet-transfer process and is conducive to the performance of the device.

The most reported desired substrate is insulating SiO, /Si substrate [8-16], because a
graphene layer on an insulating SiO, /Si substrate is an important structural arrangement
used in the fabrication of graphene-based electrical devices. For transfer-free direct growing
of graphene films on SiO,/Si substrate, the method commonly used by researchers is
chemical vapor deposition (CVD) [7,8,15]. The typical process is as follows: Under the
assistance of plasma and high temperature, the carbon precursor (such as methane gas
(CH4)) was decomposed, and the dissociated carbon atoms were in contact with the surface
of the catalytic metal, Ni, deposited on SiO, /Si. At high temperature, a large number of
carbon atoms could dissolve into the metal Ni and distribute throughout the solid metal;
then, as the temperature gradually decreases, the supersaturated carbon atom would
precipitate and associate to form graphene layers both on the top of Ni and at the interface
between Ni and SiO, /Si substrate due to the reduced solubility of carbon in Ni. Finally, the
graphene-5i0, /Si structure was obtained after the metal film was etched away. There are
also a few reports of direct synthesis of graphene films by ion implantation on insulating
substrates of SiO, /Si. R. Zhang et al. reported transfer-free synthesis of graphene layers
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on 5i0, /Si substrates by ion implantation at room temperature [6]. Negatively charged
carbon atoms with certain energy and dose were implanted into Ni film capped on 5i0, /Si;
afterwards, ex-situ annealing treatment was conducted. The implanted carbon atoms first
underwent dissolution and diffusion in the Ni film at an elevated temperature, and then
they subsequently precipitated and aggregated on both sides of the Ni film during the
cooling stage. Next, the Ni thin film, together with the upper layer graphene formed on
the top of it, was removed, and the graphene-5iO, /Si structure was obtained.

For both the CVD and the ion implantation methods, the growth of graphene under-
goes a similar process: the carbon solubility in Ni is reduced by lowering the temperature,
which makes the carbon precipitated from the carbon-doped metal Ni form graphene. The
difference between the two methods is the way of carbon doping: for the CVD method,
carbon atoms are introduced into Ni films by the decomposition of carbonaceous precursor
at high temperatures on the Ni surface; for the ion implantation method, doping of Ni films
with carbon atoms is achieved by direct implantation of carbon. The flexibility of direct
implantation allows the concentration and distribution of doped carbon atoms in the Ni
film to be adjusted at will. However, the non-thermal equilibrium process of implantation
also complicates the physical process of carbon precipitation.

In recent years, much of the research on graphene is focused on graphene-5iO; /Si
structure, whether it is the synthesis of graphene (mentioned above) or the application
of graphene-component optoelectronic devices (such as high-speed transistors [17-19],
high-sensitivity sensors [20-22], and high-performance solar cells [23-25]). Few studies
have addressed the structural properties between graphene and non-Si substrates. One
of the most interesting topics reported in these investigations is the study of the structure
between graphene and the “all-purpose” optical crystal LINbO3. LiNbO3 is a promising
material in fundamental and applied sciences [26-28], which has ferroelectric, photovoltaic,
piezoelectric, pyroelectric, photo-elastic, and photorefractive properties [29]. The graphene
attached to LiNbQOy3 is likely to be influenced by the properties of the crystal, which in turn
allows the quantum effects of its two-dimensional material to be modulated. For example,
some studies have theoretically explored the interfacial properties of the combination of
graphene and LiNbOj crystals [30,31]. One typical example is the modulation of carrier
doping of graphene via LiNbOj3 polarization properties. The results show that, by adjusting
the carrier doping of graphene in the graphene/LiNbOjs structure, the excitation and
propagation of surface plasmon polaritons can be controlled.

Direct synthesis of graphene on LiNbO3 has not been reported except by our research
group [32,33]. In 2020, we reported the direct synthesis of graphene on the surface of
LiNbOj3 by annealing a post-carbon-implantation sample consisting of surface metal Ni
film and LiNbOj substrate [33]. The transfer-free synthesis of graphene on LiNbO3 sub-
strate avoids the additional graphene degradation and, more importantly, substrate com-
bined with a patterned metal film suggests the possibility of engineering two-dimensional
graphene with special confinement, which is often emphasized in photoelectric crystals
such as LiNbOs. Unfortunately, in the first attempt, the graphene formed on LiNbOj is
unevenly distributed and contains a variety of structures, such as multilayer or turbostratic
graphene and even amorphous carbon [33]. There may be multiple reasons for this result;
however, the extremely poor distribution of the Ni film deposited on the LiNbOj3 surface
is the most direct cause of this result. For example, the detachment of the Ni film from
the LiNbOj3 substrate during the heat treatment can lead to local aggregation of precipi-
tated carbon. The macroscopic result of this detachment is that the Ni film wrinkles after
suffering annealing treatment. The occurrence of this phenomenon seems to be related
only to the nature of the two materials (the Ni film and the LiNbOj substrate) themselves,
and not to the process of carbon doping, because two kinds of samples (one without
carbon ion implantation and the other with carbon ion implantation) with the same coating
treatment were found to have similar wrinkles after the same annealing process. As shown
in Figure 1, the wrinkles that appeared on the sample treated with ion implantation are
slightly larger than those on the sample without ion implantation. This can be attributed
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to the ion implantation and the movement of carbon to the interface during annealing,
which weakens the adsorption force between LiNbO3 and Ni, so it is not difficult to deduce
that the formation of wrinkles is a direct consequence of the poor adhesion of Ni film on
LiNbOj substrate. Improving the adhesion between the Ni film and the LiNbO3 substrate
is one of the key factors for ensuring the uniformity of carbon distribution.

Figure 1. The optical microscope images of the surface of the Ni film deposited on LiNbOj3 substrate (a) before and (b,c)

after annealing (among them, (b) was treated with ion implantation while (c) was not).

Therefore, it is particularly important to find the suitable annealing temperature range
that maximizes the adsorption energy between Ni film and LiNbOj3 substrate to ensure
that their interface is always homogeneous during the graphene precipitation. This is
advantageous for both CVD and ion implantation methods, because both methods require
high temperature heat treatment of the sample to obtain graphene.

In this article, a model of LiNbOj substrate covered with Ni film was built, and the
adsorption energies between LiNbOj3 substrate and Ni film were calculated by a molecular
dynamics simulation with full annealing process at different target (peak) temperatures.
The “temperature window” with the best (maximum) adsorption energy was found for
the combination of Ni film and LiNbO3 substrate. Within the “temperature window”, the
adsorption energy of the two materials is relatively large, which makes the Ni film less
likely to detach from the LiNbOj substrate during the annealing process, thus creating
conditions for the precipitated carbon atoms to form a uniform graphene structure.

2. Model Building and Simulation Method

LiNbOj3 (PDF#: 20-0631) crystal is a ferroelectric crystal that belongs to the R3c space
group at temperatures below 1210 °C. When represented by a hexagonal coordinate system,
the lattice parameters of LiNbO3 crystal measured by experiments are a = b = 5.1516 A,
c=13.869 A, o = B =90°, v =120° [34], and the coordinates of the atoms are shown in Table
1. A LiNbOj unit cell was built with the above parameters, and then the geometry optimiza-
tion of the LiNbOj3 unit cell was performed using the ultrasoft pseudopotential of the plane-
wave, to obtain a more stable crystal structure. The optimized LiNbOj; unit cell is shown in
Figure 2a, which contains 6 Lithium (Li) atoms, 6 Niobium (Nb) atoms, and 18 Oxygen (O)
atoms. The optimized lattice parameters are extremely close to the experimental values, as
revealed by Table 2. The model of LiNbO3 substrate covered with Ni (PDF#: 04-0850) film
is present in Figure 2b; the underlying LiNbOj; consists of a 5 x 5 expanded cell of (001)
LiNbOj3, which contains 150 Lithium (Li) atoms, 150 Niobium (Nb) atoms, and 450 Oxygen
(O) atoms. The upper layer is the (111) Ni layer, which contains 200 atoms and a vacuum
layer of 50 A, was added on top of the Ni film to isolate the influence of other cells in the Z
direction. The final super cell was 25.4025 A x 25.4025 A x 68.7595 A. The LiNbO3 (001)
was chosen for the study because, in our previous experiments, Ni film exfoliation occurred
in Ni-deposited LiNbOj3 (001) samples. We also chose an Ni (111) surface for simulation
for two reasons: one is that Ni (111) has the greatest chance (77.6%) of becoming a surface
through the calculation of Materials Studio software’s morphology tools, while the other is
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that when Ni film is laminated with LiNbOj, only the Ni (111) surface produces the least
deformation so it is easier to form a stable structure between them.

Table 1. Coordinates of atoms within LiNbO3 crystal.

Atom x (A) y (A) z (A)
Li 0 0 0.2815
Nb 0 0 0.000055
O 0.0489 0.3438 0.06342

Figure 2. (a) The optimized LiNbOj unit cell, and (b) the final built model: LiNbOj3 substrate covered with Ni film.

Table 2. Lattice parameters and cell volumes of LiNbOj crystal before and after geometry optimization.

Parameters a(A) c(A) o ¥ V (A3)
Initial 5.1516 13.869 90° 120° 318.757
Optimized 5.19209 14.0134 90° 120° 327.159

The annealing process was simulated based on the molecular dynamics method. The
universal force field model is used here because it can be applied to all elements in the
periodic table and thus can be used to describe the new combination of Ni and LiNbOj3
structures [35]. During the annealing simulation, we used a canonical ensemble (NVT)
for the system while the velocity scale was adopted for temperature control. A total of
13 groups of annealing processes were simulated. During each full round of the annealing
process, the temperature was increased from room temperature at 298 K to the target
annealing temperature and then decreased to 298 K. The parameters of all the annealing
process are shown schematically in Figure 3. The horizontal axis of the graph indicates
the required time to raise or lower the temperature, and the overall parallel distribution
represents the consistent rate of raising and lowering the temperature during each round
of annealing. This means that an increase in the target temperature represents an increase
in the time to raise or lower the temperature. For example, the heating ramps were set to
20 steps when the target annealing temperature was 1248 K and 19 steps when the target
annealing temperature was 1198 K.
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Figure 3. Temperature variation curves of annealing process at different target annealing tempera-
tures; the heating and cooling rates of the 13 curves were ensured to be the same.

The adsorption energies between metal Ni film and LiNbOj substrate at different
temperatures were calculated as E = |E;n4n;i — ELn — Enil [36,37]. Here, E; N4 n; is the
energy corresponding to the system formed by the LiNbOj3 substrate and Ni film; E; y is
the energy of the isolated LiNbOj3 substrate; and Ey; is the energy of the Ni film alone.

3. Results and Discussion

The change curve of adsorption energy at different target annealing temperatures is
shown in Figure 4, where the calculated adsorption energy at each point corresponds to the
value at the completion of an annealing process. In general, the adsorption energy between
Ni and LiNbOj5 decreases with the increase in the target annealing temperature because
the higher the temperature is, the more active the particles are. When the temperature
is high enough, the Ni film has enough driving energy to detach from the adsorption of
LiNbOj3 substrate. Once this happens, it means that the original adsorption force cannot be
recovered even if the atoms undergo a further cooling process. However, after simulating
the complete annealing process for each round, the calculations show that, with a change
in target temperature from 648 K to 1248 K, the combined structure of Ni and LiNbO3 does
have two “temperature windows” at 700-800 K and 950-1050 K, which correspond to the
maximum value of the adsorption energy. This means that the adsorption energy of Ni
and LiNbOj3 can reach the maximum when the target annealing temperature lies in either
of these two “temperature windows”. Among the two “temperature windows”, although
the lower “temperature window” 700-800 K corresponds to a higher adsorption energy,
considering that the temperature required for carbon diffusion and precipitation in Ni films
is usually higher than 900 K, a more feasible annealing “temperature window” for practical
applications should be at 950-1050 K.
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Figure 4. The change curve of adsorption energy at different target annealing temperatures.

To explain the existence of “temperature windows” in the annealing process, we
calculated the variations in adsorption energy during cooling process in each group of
annealing at different target temperatures. Figure 5 is the three-dimensional mapping
diagram of adsorption energy during the cooling process. It can be clearly seen that
there are two extreme values of adsorption energy in the considered range of annealing
parameters. In these two regions, where the adsorption energy is extremely high, take any
two points and make the curve of the adsorption energy with a cooling temperature; the
results are shown in Figure 6a,b. The trend of these two curves shows that the adsorption
energy of Ni and LiNbOj3 increases almost monotonically as the annealing temperature
decreases. Beyond these two regions, the adsorption energy of Ni and LiNbOj3 hardly
changes with the temperature throughout the cooling process, except for small rises and
falls, as shown in Figure 6¢,d. It seems that, in the process of cooling, two modes exist for
adsorption energy variation with temperature for the combination of Ni and LiNbO3. Only
in the mode of increasing adsorption energy with temperature is it possible to maintain a
high adsorption energy between Ni and LiNbOj after a round of the annealing process.
Therefore, to maintain the stability of Ni films during graphene growth, setting the target
temperature of annealing within these two “temperature windows” is essential to form
uniform graphene on LiNbOj optical crystal substrates.
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Figure 5. Three-dimensional mapping diagram of adsorption energy during the cooling process at different target annealing

temperatures.
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Figure 6. The change curves of adsorption energy in the cooling stage when the target annealing temperature is (a) 748 K,
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It is worth noting that the results of the simulations show that the adsorption energy
does not decrease monotonically as the target temperature increases, as would usually
be expected; instead, there are maximum values of adsorption energy in the two tem-
perature regions, as shown in Figure 4. It seems that the temperature-dependent atomic
driving forces may have specific optimal values when equilibrating the adsorption energy.
However, in our simulations, the calculation of the adsorption energy is based on the
consideration of many contributions from multiple parameters, the physical mechanism of
which will be studied further.

To verify our simulation results, four nickel-plated LiNbO3 samples were annealed at
the same annealing condition with different target temperatures; the surface morphologies
after treatment are shown in Figure 7. The target annealing temperatures used in Figure 7a,c
lie exactly in the range of two “temperature windows”, 700-800 K and 950-1050 K, respec-
tively, which have high adsorption energies between LiNbO3 substrate and Ni film accord-
ing to our simulation. As can be seen from the optical microscope images of Figure 7a,c,
the surfaces of the two samples are relatively flat and the results using an atomic force
microscope (AFM) are also consistent with those of an optical microscope; however, several
large grains can be found in Figure 7c-2, which are generated under higher temperature
heat treatment. For the samples with a target annealing temperature outside the “tem-
perature window”, the surface morphology of the samples has a completely different
appearance, which is shown in Figure 7b,d. Some fold-like morphologies appear on the
surface. From our perspective, after suffering high heat temperature treatment, the Ni
film detached at some positions from the LiNbOj surface because of the weak adsorption
energy and bulged upward, while some of the Ni atoms moved into the space below
the bulges to form clusters. This aggregation of Ni atoms is more likely to intensify at
high temperatures, so the Ni particles in Figure 7d are significantly larger than those in
Figure 7b. Our current experimental results give good support to the simulation results
of the Ni and LiNbO3 combined structure. It also provides an important reference for the
direct growth of two-dimensional graphene structures on anisotropic crystalline materials
using the catalytic effect of metal thin films.

(a-1)

' -300.0 nm

Figure 7. Cont.
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¥ -550.0 nm

Figure 7. The optical microscope images of the surface of the nickel-plated LiNbO3; samples after
annealing when the target annealing temperatures are (a-1) 750 K, (b-1) 900 K, (c-1) 1000 K, (d-1)
1200 K; AFM topographic images of the surface of the nickel-plated LiNbO3; samples after annealing
when the target annealing temperatures are (a-2) 750 K, (b-2) 900 K, (c-2) 1000 K, (d-2) 1200 K.

4. Conclusions

We built a model of LiNbOj3 substrate covered with Ni film and systematically sim-
ulated the changes in adsorption energy between them at different temperatures. The
adsorption energy after the complete annealing process (heating to the target annealing
temperature and then cooling to room temperature) was calculated for different target
annealing temperatures from 648 K to 1248 K. Two “temperature windows”, with the target
annealing temperatures of 700-800 K and 950-1050 K, were found and proved to have
high adsorption energies by both simulation and experiment. The results of the simulated
cooling process show that the adsorption energy rises with a decreasing temperature for
annealing processes when the target temperature is exactly in the “temperature window”,
which indicates a better adsorption between the Ni film and the surface of LiNbO3 sub-
strate. Outside the “temperature window”, the adsorption energy only fluctuates at a
lower level and is largely independent of the actual annealing temperature. This indicates
that, when the target temperature lies in the “temperature window”, strong adsorption
energy between the Ni film and the LiNbO3; makes it difficult to detach the Ni film from
the LiNbOj3 substrate, thereby creating conditions for the growth of a uniform large-area
graphene film with high quality. This is of great guiding and practical significance for the
direct transfer-free synthesis of graphene on LiNbO3 or other substrates.
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