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ABSTRACT: NaCl is one of the simplest compounds and was thought to be well-
understood, and yet, unexpected complexities related to it were uncovered at high pressure
and in low-dimensional states. Here, exotic hexagonal NaCl thin films on the (110) diamond
surface were crystallized in the experiment following a theoretical prediction based on ab
initio evolutionary algorithm USPEX. State-of-the-art calculations and experiments showed
the existence of a hexagonal NaCl thin film, which is due to the strong chemical interaction of
the NaCl film with the diamond substrate.

he development of new technologies and devices requires because none of the bulk silicon phases have layered
new materials with improved properties. For example, structure.>* Indeed, methods (i) and (iii) allow the synthesis
diamond field-effect transistors (FETs) have promising of different 2D structures like silicene and borophene, which
applications for high-power converters in electric vehicle are stable only on the substrate.”*® The strength of interaction
applications and high-power high-frequency amplifiers for between the 2D layer and substrate together with lattice and

telecommunications and radars. Is it desirable to achieve high
carrier mobility for these applications, but for diamond FETs it
is not possible because of fixed and trapped charges in the
nonideal amorphous gate dielectric and the dielectric/diamond
interface. The diamond FETSs with single crystal hexagonal
boron nitride (h-BN) as a gate dielectric have already
demonstrated excellent characteristics.' We propose that

symmetry mismatches with the substrate may significantly
affect the structure and properties of the grown film."”~"* For
example, heteroepitaxial growth of semiconducting structures
is possible only at small lattice mismatches between the
substrate and desired semiconducting material.*’

Alkali halides are a well-known type of materials, widely used

ionic material (i, NaCl) with atomic thickness can be used in several practical applications and fundamental studies.*"**
as a gate dielectric in promising diamond FETs because of the The most common among them is sodium chloride, table salt.
wide band gap.z Bulk phases of NaCl have rocksalt structure type (Bl

Modern advanced technologies allow scientists to synthesize structure) and (at high pressure) CsCl-type*® (B2 structure)
new two-dimensional (2D) materials of various composition structure. Crystallographic plane (100) is the most energeti-
and often with an unexpected crystal structure that has no cally favorable surface in bulk cubic NaCL**** During the last
counterparts in the bulk. Known examples include silicene™* decades a series of experimental and theoretical studies were
(2D silicon); stanene® (monolayer of tin); borophene® performed to investigate the possibility of synthesizing
(mor;olayer 1gf boron atoms); and 2D layers of CuO,” Fe, different NaCl thin films on different substrates:
FeO,” CoC, ™ etc. Cu(001),2°?” Cu(110),>® Cu(111),>°7> Cu(311),*°

Two-dimensional compounds can be formed between Cu(221),*%* Ni(001),2 Ag(OOI),35’37_39 Ag(lll),35’40’4l

elements that do not form bulk compounds, e.g., copper
borides.'" Currently, there are three main ways to obtain 2D
thin films: (i) mechanical exfoliation'>"® and (ii) atomic
layer'* and (iii) chemical vapor'>'® depositions. It is
noteworthy that mechanical exfoliation works only for layered
crystals where the bulk structure consists of weakly bound
layers which can be detached and transferred onto the
substrate.'"* Thus, it cannot be applied to produce silicene
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Au(111), and Au(111)-(22 X \/3).42 The possibility of
nonstoichiometric Na,Cl, thin films was also examined.”

Indeed, all performed studies showed the link between the
type of substrate and its orientation with the physical and
chemical properties associated with NaCl thin film. All these
studies infused new lifeblood to the understanding of NaCl
thin-film growth showing the possibility of bulk NaCl crystal to
form the (111) surface because of more favorable surface
reconstructions at specific conditions.** This also generated
the hypothesis regarding NaCl films of nanometer thickness
with unusual hexagonal structure due to documented phase
transition from the cubic film with (111) surface to unusual
graphitic-like layered film.*>™* Such surprising findings have
led us to expect that the exotic structures of NaCl could be
formed and exist on the substrate, which will have a strong
binding with it. A combination of the evolutionary algorithm
USPEX** ™ and first-principles calculations are used here to
investigate the formation of NaCl films on various substrates:
Cu(100); Cu(111); Cu(311); Ag(111); Ag(100); and (100),
(110), and (111) diamond surfaces. Predicted structures were
synthesized and analyzed with selected area electron diffraction
(SAED) and X-ray diffraction.

Different substrates of different compositions, including
metallic (Cu and Ag) and diamond surfaces, were considered
to simulate the formation of a 2D NaCl structure on them
using the evolutionary algorithm USPEX**° capable of
predicting the lowest-enthalpy structures knowing just the
chemical elements involved. Structure relaxations and energy
calculations were done using VASP*' ™ (see Supporting
Information for details). The first population of structures for
the evolutionary search was randomly produced. All sub-
sequent populations were obtained from the previous
population by selection and variation operators. Thus, 40%
of the structures were generated by the heredity operator, 10%
by soft mutation , 30% transmutation operations, and 20%
structures were randomly produced (see Computational De-
tails in the Supporting Information). In the presented
calculations, we included all the surface supercells up to
index 4 to enable the prediction of complex structures. Each of
the considered supercells contained a vacuum layer of 20 A.
Metallic substrate slabs were S atomic layers thick (thickness ~
6 A), the uppermost 3 A of which was allowed to relax. In the
case of the diamond, the thickness of substrates was about 8 A,
corresponding to 4—5 atomic carbon layers depending on
orientation. We also performed test calculations using slabs
with doubled thickness, and only the bottom layer was kept
fixed to obtain more accurate surface energies for stable
structures. No significant differences were found, which
confirms the reliability of our calculations. To simulate the
formation of two-dimensional layers on the substrate it is
necessary to prevent the penetration of the deposited atoms
inside the substrate. Thus, we have modified the algorithm
giving the possibility of adding a small vacuum gap between
the substrate and the deposited atoms.

The binding energy between the thin film and the substrate
is a measure of their interaction and is defined as

Ebind = Etot - (1)
where E,, is total energy of the whole system (film on the
substrate); Eyyp, and Ey,q are the energies for isolated
substrate and NaCl thin film, respectively. The binding
energies between NaCl films and substrates were calculated
assuming, in these initial estimates single and double layered

Esubst - ENaCl
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cubic (100)-NaCl films placed on each type of substrate as the
most stable found in previous works.

As prototypical metal substrates we considered Cu(100),
Cu(111), Cu(311), Ag(111), and Ag(100) because they are
often used for crystal growth of thin films. In addition to
metallic substrates, also diamond surfaces with (100), (110),
and (111) crystallographic orientations were considered,
because diamond is a prototypical covalent material, the
surface behavior of which is expected to differ greatly from that
of metals.

As was expected, the binding energy per unit surface area
between the 2D NaCl and metal surfaces is very tiny (see
Figure 1), which means negligible interaction between them.
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Figure 1. Binding energy per unit surface area between single
(orange) and 2-layered (blue) cubic NaCl film with (100) and
different substrates, including Cu(111); Cu(100); Cu(311); Ag(111);
Ag(100); and diamond with (100), (110), and (111) orientations.
The insets show top view of metallic and diamond surfaces of various
orientations used for calculations.

Thus, the thin films of NaCl is practically independent of
either the type of metal or crystallographic orientation of the
substrate. The absolute values of binding energies by order of
magnitude correspond to the van der Waals interaction;” the
exact values varied between —0.011 and —0.017 eV/A%?
Simulations of NaCl monolayer film on metallic substrates
performed with the evolutionary algorithm USPEX showed
that it is unstable and tends to form a cluster on the surface
(see NaCl Film on Metal Substrates in the Supporting
Information), because the weak interaction with the substrate
cannot compensate for the loss of three-dimensional binding.

The binding energies evaluated for diamond surfaces are ca.
30 times greater than that for metal substrates (Figure 1) and
equal to —0.40, —0.49, and —0.46 eV/A for (100), (111), and
(110) surfaces, respectively. Thus, the possibility of making 2D
structures is higher in the case of diamond compared to metal
substrates because of the low binding energy of the latter with
NaCl. Strong binding can also lead to the formation of exotic
thin films of NaCl.

The initial hypothesis that there should be a correlation
between binding energy and the propensity to form exotic thin
films was subsequently investigated by simulations of NaCl
ultrathin film on diamond surfaces using the evolutionary
algorithm USPEX.

The simulations were performed using layer-by-layer
procedure of formation. After the simulation of the first
layer, which is optimized to find the thermodynamically stable
configuration, the second layer is simulated on top of the
previous one and subsequently optimized together with the fist
layer. This procedure was repeated several times to achieve 3—

https://dx.doi.org/10.1021/acs.jpclett.0c00874
J. Phys. Chem. Lett. 2020, 11, 3821-3827
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Figure 2. Crystal structure of single- and double-layered NaCl films formed on the diamond substrate with (a) (100), (b) (110), and (c) (111)
surfaces. Legend: white spheres, carbon; small green spheres, chlorine; big turquoise spheres, sodium.

4 layers formed on the diamond substrate. The NaCl
monolayer formed on the (100) diamond surface is a 2D
crystal with a distorted tetragonal structure (Figure 2a). This
ultrathin film can be considered as a distorted single layer of
(100) surface of cubic NaCl with lattice parameters a = 10.02
A and b = 5.03 A. The second simulated NaCl layer has a
structure similar to the first one (Figure 2a). Both NaCl layers
are aligned with each other, despite corrugation due to large
strain: lattice mismatch between the free-standing 2-layered
NaCl and diamond (100) surface is 12%. This will lead to the
formation of a large number of possible atomic arrangements,
which will increase the possibility of obtaining exotic 2D
structures.

The simulation of ultrathin film deposition on the (111)
diamond surface showed a nonflat first NaCl layer, without any
resemblance to other known NaCl structures (Figure 2b). This
result is completely different from what we saw for the (100)
surface (Figure 2a). Such a distorted structure was also
obtained in the simulation of the second layer (Figure 2b).
Remarkably, the simulation of an ultrathin NaCl film on the
(110) surface of diamond showed the formation of NaCl with
a pseudohexagonal honeycomb-like structure with orthorhom-
bic symmetry (Figure 2c). It is noteworthy that the
subsequently deposited layers are not corrugated.

The nature of chemical bonding between predicted NaCl
films and diamond surfaces was initially investigated using the
electron localization function (ELF).*® The calculated ELF at
the isosurface equal to 0.8 (see Figure S6) does not
demonstrate electron localization between NaCl and carbon
atoms. Thus, we performed an investigation of noncovalent
interactions (NCIs) for the fully optimized structures of NaCl
on the (100), (110), and (111) diamond surfaces through the

3823

calculations of reduced density gradient (RDG, defined as s =

1/(2(37%)"3)-Vp/p*/3).577%° The RDG plotted at isosurface
s = 0.5 between NaCl thin film and diamond surfaces (Figure
3a,c,e) showed NCls in the order of vdW interactions through
the blue—green—red scale according to values of sign(4,)p (4,
is the second electron density Hessian eigenvalue):>’~
<—0.02, H-bond (i.e., blue); —0.02 to 0.02, vdW (ie,
green); >0.02, steric repulsion (ie., red). The presence of
vdW interactions is confirmed also by the graphs of s versus
sign(4,)p (Figure 3b,d,f). This function was calculated and
drawn for the fully optimized structures using CRITIC2
program.®"%* Furthermore, considering details of the inter-
action on the (110) surface, the RDG analysis showed an
interaction in the order of a weak H-bond (inset of Figure 3c
and red line in Figure 3d) with s at the border between vdW
interactions and H-bond (i, sign(4,)p < —0.02). This
confirms our previous results about the strongest interaction
between NaCl and diamond (110) surface allowing the
formation of exotic 2D structure.

The obtained pseudohexagonal structure agrees with the
extension of the Curie principle to 2D materials that the
symmetry of the formed thin film cannot be higher than the
symmetry of the substrate.

We deposited NaCl thin film on the polycrystalline diamond
substrate as well as on the single-crystal diamond substrates of
(111), (100), and (110) surfaces to confirm the possibility of
the formation of predicted exotic (pseudo) 2D h-NaCl. The
results of NaCl deposition were analyzed with scanning
electron microscopy (SEM), showing the presence of films
with cubic structure (see Figure S7). Transmission electron
microscopy (TEM) and X-ray diffraction (XRD) are carried
out to determine the type of crystal lattice.

https://dx.doi.org/10.1021/acs.jpclett.0c00874
J. Phys. Chem. Lett. 2020, 11, 3821-3827
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Figure 3. Analysis of noncovalent interactions in studied systems of NaCl films on diamond with (a) (100), (c) (110), and (e) (111) surfaces.
Gradient isosurface for s = 0.5 and —0.08 < sign(4,)p < 0.08 [color scale: from blue (strong attractive interactions) through green (moderate vdW
interactions) to red (strong nonbonded overlap)]. (b), (d), (f) Plots of the reduced density gradient (s) versus the electron density multiplied by
the sign of the second Hessian eigenvalue (sign(4,)p). The color scheme is as follows: orange for chloride; turquoise for sodium; and white gray for

carbon.

The presence of h-NaCl was initially evaluated on the
polycrystalline diamond through SAED from various areas of
the sample, and the results were then merged into one image
(Figure 4a). SAED images show the presence of the
reflections related to several different materials, such as
diamond (red in Figure 4a) and cubic NaCl (green in Figure
4a), and a set of reflections that do not fit any known materials
(yellow in Figure 4a). We suggest that new reflections belong
to the new hexagonal phase of NaCl. Unfortunately,
polycrystalline substrates consist of surfaces of all possible
crystallographic orientations. Thus, it is not possible to know
on which of them the h-NaCl film was grown.

This experiment is consistent with all our theoretical
predictions about the formation of NaCl thin films with an
exotic hexagonal structure, but it does not provide compelling
proof yet. To identify those reflections which do not match
known materials in SAED, we performed selected area electron
diffraction pattern simulations via LAMMPS software.”> For
technical details, please see Simulation of Selected Area
Electron Diffraction Patterns in the Supporting Information.

3824

We carried out calculations of SAED patterns for the diamond,
c-NaCl, and h-NaCl polycrystals with various grain sizes. In the
right panel of Figure 4a, the calculated SAED images are
presented. Dashed and solid lines depict the first and second
diffraction rings that correspond to the experimentally
observed peaks. Calculated diffraction rings (solid lines)
were placed on the experimentally obtained signals (circles)
to recognize new reflections (Figure 4a). By comparison
between experimental and simulated SAED patterns, it is
possible to draw conclusions about the existence of h-NaCl
after deposition to the diamond (110) surface. All the
calculated SAED images are presented in Table SI.

To obtain compelling proof, NaCl was deposited on each of
three major diamond surfaces, and the crystal structures of
obtained samples were studied with X-ray diffraction (XRD)
(see Figure 4b). For detailed information about the XRD
technique, please see the section X-ray Scattering in the
Supporting Information. The XRD diffraction pattern showed
an intense peak for (110) diamond substrate corresponding to
(002) reflection of the NaCl hexagonal structure at ca. 26.5°

https://dx.doi.org/10.1021/acs.jpclett.0c00874
J. Phys. Chem. Lett. 2020, 11, 3821-3827
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Figure 4. (a) Experimental SAED image with marked reflections that
correspond to diamond (red circles), cubic NaCl (green circles), and
h-NaCl (yellow circles). For calculations the average diamond grain
size was 51 nm. Dashed and solid circles correspond to dashed and
solid reflection marks. (b) X-ray diffraction pattern of deposited thin
NaCl film on (100), (111), and (110) diamond surfaces. The most
intense peak of (002) h-NaCl was observed for (110) diamond.

20 (see Figure 4b). The average thickness of observed h-NaCl
is around 6 nm. As the thickness of the NaCl film increases, the
hexagonal (stable for NaCl surface) converts to cubic
structure, which is known to be the most durable in the bulk.

The enlargement of the XRD diffraction pattern (see Figure
4b) shows in detail and without any doubt the presence of the
(002) peak which corresponds to the presence of a new h-
NaCl structure on the (110) diamond substrate (with respect
to the noise from the low-intensity peak for (100) diamond).
The obtained results show the influence of the substrate on the
physical and even structural properties of formed 2D material
and completely confirm the theoretical predictions of the
evolutionary algorithm USPEX of this exotic 2D crystal
structure.

We showed that NaCl possesses strong binding with the
diamond (110) substrate allowing the formation of hexagonal
NaCl layers on the diamond. The strong binding with diamond
and the wide electronic band gap of ~6.5 eV> makes this
material promising for applications in diamond FETs as gate
dielectric instead of h-BN (as h-BN has a weak binding with
diamond and lower band gap ~6 eV®").

In conclusion, state-of-the-art theoretical techniques of
global optimizations allowed us to predict the existence of
a new h-NaCl ultrathin film on the diamond (110) substrate.

3825

The strong binding stabilizes this unusual NaCl structure with
the substrate, which cannot be observed on metallic substrates.
Performed experimental synthesis of h-NaCl film and its
characterization by SAED and XRD methods confirm our
theoretical predictions entirely. We experimentally observed
the formation of the exotic h-NaCl thin film on the (110)
diamond substrate and distorted cubic NaCl thin film on the
(100) diamond substrate. The obtained results show that
reduced dimensionality can lead to exotic structures, and
strong binding to substrate stabilizes two-dimensional
phases—among which many are structurally and chemically
very unusual, even for such seemingly simple systems as NaClL
This work is yet another proof of the reliability of the
evolutionary algorithm USPEX for structure prediction, which
is a powerful tool for predicting novel structures.
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