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High-throughput predictions of two-dimensional dielectrics with first-principles calculations
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Two-dimensional (2D) dielectrics play a crucial role in the miniaturization of transistors. An optimal 2D
dielectric should have a significant out-of-plane dielectric constant and appropriate band alignments to achieve
superior performance. However, 2D materials generally exhibit poor out-of-plane dielectric constant. In this
paper, we have identified 11 2D materials from the Computational 2D Materials Database with out-of-plane
dielectric constants above 5.0, surpassing those of conventional dielectrics, i.e., SiO,, Al,O3, and BN. The band
alignments show that ten monolayers SnNa,HOg, GeLi,HsOg, HfNa;HsOg, ZrNa,HgOg, etc., are promising
dielectrics when monolayer MoS, /WS, serves as the channel. Moreover, four dielectrics have an out-of-plane di-
electric constant that outperforms in-plane. This unusual feature indicates a stronger out-of-plane bond strength,
resulting from the ionic bonds. We further provide a general guideline for quickly discovering high-performance

dielectrics using structures and electronegativity tables.
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I. INTRODUCTION

As Moore’s Law gradually loses its effectiveness, en-
hancing the performance of semiconductor chips becomes
increasingly challenging. One solution is to introduce two-
dimensional (2D) materials in manufacturing field-effect
transistors (FETs), which are the basic building blocks of
chips. 2D materials, i.e., monolayer MoS; and black phospho-
rene (BP), have already shown extensive application prospects
in nanoelectronics [1-3]. In 2014, a nano-FET composed en-
tirely of 2D materials for the source, gate, drain, and channel
materials was fabricated [4]. Unfortunately, the performance
of all the 2D FETs fabricated still cannot compete with the
silicon-based FET [5,6]. The performance of a FET is in-
fluenced by various factors, such as the carrier mobility of
the channel material, the contact resistance, the dielectric
properties of the gate material, etc. [5,7]. Previous endeavors
have been mainly devoted to discovering different channel
materials and reducing contact resistance [5,7-9]. We have
also conducted a comprehensive theoretical study on elec-
tron transport in 2D semiconductors and identified several
high-mobility 2D semiconductors that could serve as channel
materials [10-13].

By contrast, research on 2D gate dielectrics is relatively
limited. Conventional FET devices often employ silicon diox-
ide (SiO,), boron nitride (BN), or aluminum oxide (Al,O3)
as gate materials [14-16]. However, the dielectric properties
of these materials are not exceptionally high and achieving
desired dielectric performance requires a relatively thick di-
electric layer, typically on the order of tens of nanometers,
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which is detrimental to the miniaturization of devices. Fur-
thermore, integrating these dielectrics onto the surface of
channel material involves complex processes. A feasible ap-
proach is to introduce 2D materials as gate dielectrics. This
method not only reduces the thickness of the dielectric layer
to less than a nanometer but could also simplify device fab-
rication by leveraging the nature of 2D materials through van
der Waals (vdW) integration techniques [17-20].

A good 2D dielectric should have a large band gap

(>3.0 eV), a significant out-of-plane dielectric constant 8(2)3,

and an adequate electron affinity. Typically, 8{2)3_ of 2D

semiconductors is considerably small, making it difficult
to identify suitable 2D dielectrics. Recently, Vandenberghe
et al. [21] identified several potential candidates with high
dielectric performance through first-principles calculations,
such as LaOBr, LaOCl, and Srl,. Hou et al. [22] have success-
fully fabricated a high-performance LaOCl gate dielectric.
However, all these materials contain either lanthanide met-
als or rare-earth elements, rendering their fabrication costs
significantly higher than materials such as SiO, and Al,Os.
Therefore, it is desirable to search for new 2D dielectrics
composed of cheap and earth-abundant elements.

In this study, 271 stable monolayers out of the 15733
materials with a band gap exceeding 3.0 eV were screened
out from the Computational 2D Materials Database (C2DB)
[23,24]. Their dielectric properties are then studied by using
first-principles calculations. It is found that 11 candidates
have 25 > 5.0, rendering their potential as 2D dielectrics.
Moreover, nine have both in-plane and out-of-plane dielectric
constants larger than 5.0, and four have an out-of-plane dielec-
tric constant that outperforms the in-plane dielectric constant.
In addition, based on chemical bond analysis, we obtain a
general rule to quickly access good dielectrics from structural
properties and electronegativity of elements: searching for
high 853_ dielectrics is to find materials with bonds along
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out-of-plane that are highly ionic, which means the atoms
forming this bond have a large difference in electronegativity.

II. COMPUTATIONAL METHODS

All the first-principles calculations are carried out by using
the Vienna ab initio Simulation Package (VASP) [25-27] with
the projector augmented wave (PAW) potentials [28]. The
exchange-correlation functional is in the form of Perdew-
Burke-Ernzerhof (PBE) with generalized gradient approxima-
tion (GGA) [29,30]. The energy cutoff is set as 30% higher
than recommended, and the k-point mesh is sampled by a
separation of 0.03 x 27 /A. All the structures extracted from
the C2DB are reoptimized with the force criterion less than
1079 eV/A. The Heyd-Scuseria-Ernzerhof (HSE06) [31,32]
method is adopted to predict band alignments and band gaps
more reliably.

III. RESULTS AND DISCUSSION

Our selection procedure starts from the 15733 monolayers
in the C2DB, of which 2717 exhibit both high energetic and
thermodynamic stability. A dielectric should first be a poor
conductor, thus having a large enough band gap to preclude
electrons from being excited from the valance band to the
conduction band via thermal fluctuation. Therefore, we ap-
plied a band gap criterion E; > 3 eV and screened 271 stable
monolayers. Note that the band gap in C2DB is in the PBE
level. The 3-eV criterion is to identify monolayers with a
higher enough band gap after correcting for the PBE underes-
timation. It is found that those materials cannot be classified
into several simple categories based on their lattice structure
and space group. While considering the chemical compo-
sition, most monolayers are binary, ternary, and quaternary
compounds, and 11 are five-membered compounds. More-
over, we found that most monolayers contain either hydrogen,
oxygen, or both elements, which suggests that the potential
high dielectric constant candidates also contain hydrogen and
oxygen. In addition, the commonly used 2D dielectrics in
nanotransistors, i.e., hexagonal BN [15], and the theoretically
studied MgX, (X =Cl, Br, and I) and ZnX, (X = Br, I)
monolayers [21] are also in the list (the complete list of the
271 monolayers are in the Supplemental Material [33]). The
screening flow is indicated in Fig. 1(a).

We then studied the dielectric properties of the 271
monolayers, considering that three-dimensional (3D) peri-
odic boundary conditions adopted in conventional ab initio
packages are inapplicable to 2D systems. To overcome this
issue, we have considered six different vacuum thicknesses
and applied the effective medium theory method proposed by
Freysoldt et al. [35] to calculate the 2D dielectric constant:
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where £ and &%) are the in-plane and out-of-plane di-

electric constant under vacuum distance ¢ obtained from

a single-run ab initio calculation, eglﬂ and 8(2711 are the

(a) | C2DB (15733) (b)

l

|Band gap > 3.0 eV (271)]

£,1 >5.0 (11)

€o,1 > o (4)

0L 2 £ 3
R AR
O+ % O

o aTaa v aTa ey
P L oL
R P
O+ v v s
¥ ¥ Xy C¥

KRR

FIG. 1. (a) High-throughput screening flow of 2D dielectrics.
(b)—(f) Lattice structures of the 11 candidates, both the top (upper
panel) and side (lower panel) views are shown. The structures are
shown using the VESTA code [34].

corresponding real dielectric constants, and ¢ is the dielectric

thickness. For anisotropic dielectrics, the average value 833 =

0.5(e2P + 83])) is taken as the in-plane dielectric constant,

where ¢2P and s}z,D are the dielectric constants along the x and
y directions, respectively. Taking monolayer SnNa;HgOg as
an example, we plot £’ and &5 as a function of 1/c in Fig.
S1 of the Supplemental Material [33]. Fitting the data, we get
the slope s; = 31.7 and s, = —5.57 (note that the intercept of
the two lines with the vertical axis is close to 1). It is obvious
that

2D _ St
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D !
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Therefore, the £§]ﬂ and eng can be obtained once ¢ is
known. For 2D materials exfoliated from bulk, ¢ can be well
defined as the distance between two adjacent layers. However,
most monolayers in C2DB do not have corresponding bulk
materials. Here, the thickness is defined as the summation of
the exact thickness (the distance between the two outer atomic

planes) and the maximum vdW radius of the outer atoms.
Table S1 of the Supplemental Material [33] shows the
calculated dielectric constants. It is found that 39 monolay-
ers have relatively large &)1 (> 10.0), including ZnCl, and
ZnBr;. Note that our calculated values differ slightly from
those in Ref. [21], which is attributed to the variations in
thickness definition. However, the differences are relatively
small, and the overall trend remains consistent. In general,
the in-plane dielectric constant is larger than the out-of-plane.
This observation is understandable since the in-plane bonding
is usually stronger than the out-of-plane bonding, which may
cause higher polarization in the in-plane. Considering the out-
of-plane dielectric properties, we found that 11 monolayers
have 833_ greater than 5.0, higher than the commonly used
dielectrics SiO,, BN, and Al,O5; [14-16]. It indicates that
those monolayers could potentially serve as better dielectrics.
The lattice structures of the 11 candidates are categorized into
five types, as shown in Figs. 1(b)-1(f). All these structures
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FIG. 2. Calculated in-plane dlelectrlc constant 8 (blue) and

out-of-plane dielectric constant 8 1 (red) of the 11 candldates The
green dashed line represents a d1e1ectrlc constant equal to 5.0.

have light atoms distributing at the outer atomic planes, and
many bonds tend to align with the out-of-plane, except for
Br, K5, which forms an almost planar layer.

Figure 2 shows the &) and &7 of the 11 candidates with

a descending e " - The followmg are found: (1) GeLi,HgOg
has the h1ghest 80 ) (18.4), which is comparable with bulk

HfO, [36]. (2) SnNayHgO¢ has the highest 8 1 (9.9), fol-
lowed by G6L12H6O6 (9 0) 12L1204H3 (9 O) GC4H4010 (7 6)
etc. The &5 of all the 11 candidates is much higher than
2D hexagonal BN (3.0), but it is still lower than bulk HfO,
(~20.0). However, HfO, suffers from low crystallization
and poor stability, and its fabrication onto channel materials
is complicated [37]. (3) The nine candidates, SnNa,HgOg,
GeLizH(,OG, IzLi204Hg, GC4H4010, IzNa284H3, HfNa2H6O(,,
ZrNa2H606, F>,P,Sn,0¢, and Zn,As,sOg, have both 8 and
larger than 5.0, which is highly desirable for the re-
cently proposed Vertical FET [17-20]. (4) Four materials have
hlgher 8 than So” (SnNayHgOg, I,Li,04Hg, GesH40q9,
IzNaQS4Hg) which is rare in 2D materials. This unusual fea-
ture is an indication that the out-of-plane bonding is stronger
than that of the in-plane. We will discuss it in detail later.

It looks like most candidates have polaristic H-O (or
H-S) bonds. This strong ionic feature arises from the sig-
nificant difference in electronegativity between H and O
(S). Moreover, the four candidates SnNa,HgOg, GeLi,HgOg,
HfNa;HgOg, and ZrNa;HgOg have the same structures and
chemical formula AB,HgOg. However, 8 - of SnNa,HsO¢
and GeLi;H¢O¢ is much higher than HfNa2H606 and
ZrNayHgOg. All four monolayers have similar highly po-
laristic H-O bonds. Therefore, the significant difference in
dielectric constants is possibly from the A and B atoms. To
get possible rules/guidelines, we picked out all AB,H¢Og in
the 271 monolayers. They are SnNa;HgOg (9.9), GeLi,HgOg
(9.0), HfNa,HgOg (5.7), ZrNa;HeOg (5.4), PbK,HgOg (4.5),
GeNayHgOg (4.5), SnK;HeOg (4.0), and GeK,HgO¢ (3.4).

TABLE I. Calculated in-plane and out-of-plane Born effective
charges Z of A atoms of the eight AB,HsOg. The out-of-plane di-
electric constant £2), the thickness ¢ and the electronegativity x4 of
A atoms are also shown for comparison [38].

8311 t ZH Z, XA
SnNa,HeO¢ 9.9 6.20 3.29 1.57 1.96
GeLi,HsO¢ 9.0 5.94 3.44 1.43 2.01
HfNa,;HsO¢ 5.7 6.33 4.28 1.87 1.30
ZrNa,HgOy 5.4 6.36 439 1.85 133
PbK,H¢O¢ 4.5 6.40 3.07 1.50 1.87
GeNa,HsO¢ 4.5 6.00 3.21 1.60 2.01
SnK,HgO4 40 6.40 3.15 1.65 1.96
GeK,H¢Os 34 6.41 3.09 1.67 2.01

The values in the parentheses represent the corresponding

D . By comparing their ¢25 and the Born effective charges
(see Table I), we found that the A atom tends to have a
large Born effective charge but not that large in high &25
dielectrics, indicating that the A atom has small electronega—
tivity but not that small. This explains that the aforementioned
SnNa,HgOg and GeLiHgOg have higher dielectric constants
than HfNa,H¢Og and ZrNa; HsOg. However, it cannot explain
why GeK,HgOs and SnK,HsOg have the smallest &35 in the
eight materials. We suspect it is related to the B atom’s radius
and the lattice constant. The radius of the K (243 pm) atom
is much larger than Na (190 pm) and Li (167 pm), leading to
the lattice constant of SnK,HgOg¢ (6.62 A) being much larger
than that of SnNa;HgOg (5.99 A). In addition, the thickness of
SnK,HgOg (6.20 A) is smaller than SnNa,HgOg (6.40 A), re-
sulting in more projection of the Na-O bond onto out-of-plane
(the dihedral angle of the B-O bond with the in-plane is 39.2 °
for SnNa;HgOg and 36.6 ° for SnK,;H¢Og). Those features
lead to longer B-O bond lengths and fewer projections in
the former, thus weaker bond coupling strength, resulting in
smaller dielectric constants (both in-plane and out-of-plane)
of SHK2H605.

Besides a large dielectric constant, a suitable dielectric
should have a large band offset with the channel semicon-
ductor to minimize leakage current caused by the Schottky
emission of carriers into the dielectrics. Figure 3 displays the
calculated absolute conduction band minimum (CBM) and
valence band maximum (VBM) with respect to the vacuum
level, where the red and black lines represent the CBM and
VBM. The vacuum level is set as O eV. Note that we have
adopted the HSE method to get more reliable band gaps (see
the method of the calculation of band alignment and corre-
sponding example in the Supplemental Material [33]). It is
found that all the 11 monolayers have electron affinity (here,
it is the absolute value of the CBM) higher than 0.9 eV and
a large band gap in the range 4.9-6.1 eV (denoted by the
cyan areas in Fig. 3). The CBM of the common experimen-
tally studied 2D semiconductors, i.e., monolayer MoS,, WS,,
MoSe;, and black phosphorene are —4.27, —3.96, —3.90, and
—3.91 eV respectively [39,40]. If those 2D semiconductors
are taken as the channel in n-type FETs, except Ge4H4 0, all
the other candidates are promising 2D dielectrics.
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FIG. 3. Calculated band alignments of the 11 candidates. The
conduction band minimum and the valance band maximum are in-
dicated by the red and black lines. The vacuum level is O eV. The
band gap is shown in the cyan area. The values are calculated using
the HSE method.

As mentioned above, four materials have larger £20 than

833. We suspect it is because the out-of-plane bonding is
stronger than the in-plane, which is rare in 2D materials.
Indeed, that is confirmed by the electron localization function

(ELF), as shown in Fig. 4. Figures 4(a)-4(c) show the sliced

FIG. 4. (a)-(c) The sliced electron localization function of
SnNa,HeOg along the (110) plane using a 3 x 3 supercell with
different distances from the origin: (a) 7.5 A, (b) 8.0 A, and (c)
9.0 A, respectively. (d) The electron localization function of
SnNa,HOg with an isosurface value of 0.8e.

ELF of SnNa,HgO¢ along the (110) plane using a 3 x 3
supercell with different distances from the origin: (a) 7.5 A
from the origin: this represents the center between the two
(110) planes where the Na atoms locate; (b) 8.0 A from the
origin: the oxygen atoms are at this plane; (c) 9.0 A from
the origin: the Na and Sn atoms are at this plane. The three-
sliced diagrams show that electrons always tend to be located
around O and H atoms, while there is almost no electron
distribution around Na and Sn atoms. Figure 4(d) shows the
ELF with an isosurface value of 0.8e. The electrons mainly
localize around the H-O bond, confirming the stronger bond
strength. Furthermore, the electron density expands signifi-
cantly along out-of-plane, indicating that the bond strength
is quite strong. Considering that the H-O bond is rather po-
laristic, those features result in a relatively high dielectric
constant along out-of-plane. From the above analysis, we
gain a general rule for quickly accessing good 2D dielectrics
based on the structural properties and electronegativity table
of elements: Searching for high-performance 2D dielectrics is
to find materials with bonds along out-of-plane that are highly
ionic, which means the atoms forming those bonds have high
electronegativity differences.

IV. SUMMARY

In summary, we have studied the dielectric properties of
271 stable monolayers in the C2DB using high-throughput
first-principles calculations. It is found that 11 monolayers
show an out-of-plane dielectric constant over 5.0, which is
highly desirable for 2D dielectrics. Moreover, four mono-
layers show a larger out-of-plane dielectric constant than
in-plane, which is rare in 2D materials. We uncovered that
this unusual feature is related to the stronger bonding strength
in the out-of-plane. Combing with the band alignments, we
identify ten monolayers, including SnNa,H¢Og, GeLiHgOg,
HfNa;HeOg, and ZrNa,HgOg, etc., that can serve as good
2D dielectrics if MoS, is the channel. Our work not only
discovers several potential 2D dielectrics, but also uncovers
the underlying physics that leads to the large out-of-plane
dielectrics in 2D materials, and offers a general guideline to
quickly access suitable dielectrics from their structures and
electronegativity table. Searching for high-performance 2D
dielectrics is finding materials with bonds along out-of-plane
that are highly ionic, which means the atoms forming those
bonds have high electronegativity differences.

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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