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Abstract: The realization of novel electronic devices based on 2D materials, i.e., field-effect
transistors, has recently stimulated a renewed interest regarding ultrathin fluoride epitaxial
films. Thanks to their chemical and dielectric properties, ionic fluorides could have the
potential to be used as insulators in many applications that require high processing control
down to the nanoscale. Here we provide a review of some of the principal results that have
been achieved in the past decades regarding the controlled growth of epitaxial fluorides
on different types of materials relevant for electronics. The aim is to provide a concise
summary of the growth modes, crystallinity, film morphologies, and chemical interactions
of different types of fluorides on different type of substrates, highlighting the possibilities
of applications and the future perspectives.
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1. Introduction

Recently, ultrathin fluoride films have experienced renewed attention for their poten-
tial application in modern electronics [1]. A key factor driving this interest is their use as
dielectrics in field-effect transistors (FETs) with ultra-small dimensions, particularly those
based on transition metal dichalcogenides (TMDs) [1-5].

The use of crystalline insulators, specifically ionic fluorides, offers a promising ap-
proach to improving the interface quality in nanoscale electronic devices. It is indeed
possible to synthesize chemically inert, self-passivated surfaces free of dangling bonds
by using fluorides [6]. Calcium fluoride (CaF;), for example, stands out not only for its
wide band gap and dielectric constant (Table 1), but also because it can be deposited in
ultra-high vacuum (i.e., in ultra-pure conditions) down to monolayers, in a controlled
manner, through molecular beam epitaxy (MBE). For example, ultrathin CaF, layers grown
on weakly doped n-Si(111) substrates have been successfully synthesized with almost
defect-free crystalline structures. Furthermore, it has been demonstrated recently that
epitaxial CaF; can be used as an ultrathin gate insulator for 2D devices which employ MoS,
as the channel material, where the silicon substrate is used as a back-gate electrode and
CaF, substitutes SiO, as the dielectric material [7].

These promising results can be extended, possibly, to the other alkaline earth fluorides,
including MgF,, BaF,, and SrF;, due to their permittivity values and wide band gaps [8].
Additionally, rare-earth metal fluorides such as LaF3, CeF3, and NdF; are also favorable
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candidates, as their wafer-scale growth by thermal evaporation has recently been demon-
strated at room temperature. These materials have witnessed intense investigation for the
development of MoS; and WS, transistors [9]. The selected relevant properties of some
common fluorides are presented in Table 1.

Table 1. Some relevant fluorides with their crystal structure, lattice constant, energy gap, and
permittivity [10-12].

Compound  Energy Gap (eV) Permittivity ~ Crystal Structure  Lattice Constant (A)

BaF, 11.0 7.33 Cubic (Fluorite) 6.2001
CaF, 12.1 6.76 Cubic (Fluorite) 5.462
MgF, >10 5.42 Tetragonal (Rutile)  a=4.621,c=3.055
SrF, 11.2 6.14 Cubic (Fluorite) 5.800

The potential of fluorides as dielectric materials in electronic devices is well established.
Historically, they were proposed as insulators in metal-insulator-semiconductor field-effect
transistors (MISFETs). Smith et al. [13] first documented the fabrication of metal-epitaxial
insulator-semiconductor field-effect transistors (MEISFETs), using MBE for the growth
of CaF, on Si(100). These n-channel MEISFETs were designed on boron-doped Si(100)
substrates. However, the devices employed thick CaF, layers (600-800 nm) and presented
high variable values of leakage current.

Since then, numerous silicon-based devices incorporating fluoride materials have been
developed [14,15]. GaAs MISFETs using a single crystalline calcium fluoride insulator
layer have been fabricated using a sequential MBE growth approach of CaF, on GaAs(100),
demonstrating the promising use of these heterostructures in inversion mode operation [16].
Following these pioneering works, further studies explored MISFETs based on GaAs
channel materials and CaF; as the dielectric material [17], along with evaluations and
comparisons of additional heteroepitaxial systems [18].

This review provides a brief, although non-exhaustive summary of almost fifty years
of research on ultrathin epitaxial fluoride films, emphasizing advancements in growth
techniques, interface formation, crystallinity, morphology, and recent device innovations.

2. Fluorides on Semiconductors

Cubic alkaline earth fluorides, i.e., CaF,, SrF;, and BaF;, share the same fluorite crystal
structure. This makes them suitable for epitaxial growth on semiconductors such as Si and
GaAs because of their matched lattice parameters. Since ionic fluorides tend to sublimate
in molecular form (XF;), they can be grown in an ultra-high vacuum while preserving the
nominal stoichiometry. The (111) surface represents the natural cleavage plane of the cubic
fluoride crystals and presents the lowest surface free energy. It consists of F"-X27-F~ triple
layers, with no net change in electric potential across each tri-layer stack. Since their surface
is terminated by fluorine ions, a self-passivation occurs, making the film naturally inert.

2.1. Alkaline Earth Fluorides on Si

CaF, and Si have a lattice mismatch of ~0.6% at room temperature, which increases
up to 2.5% at 700 °C. This structural similarity has been considered ideal for the devel-
opment of MISFETs and has sparked several works on growth mechanisms of CaF; on
Si(111) [19-22]. Because of the small lattice mismatch, as well as the low surface free energy
of CaF,(111) compared to Si(111), layer-by-layer growth is expected. Growth conditions,
however, play an essential role on the overall heterosystem morphology (Figure 1). At
substrate temperatures near 200 °C [23], films with type-A orientation are formed, where
the film orientation matches that of the substrate. When the growth temperature exceeds
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600-800 °C, the films adopt the type-B orientation [24], which is characterized by a 180°
rotation about the surface normal [111] axis of the substrate.

Type A Type B

Figure 1. Schemes of the two distinct epitaxial relations at the CaF2/Si(111) interface: (a) type-A
orientation; (b) type-B orientation (adapted from Ref. [25]).

Beyond 600 °C, the thermal energy becomes high enough to drive an interfacial
reaction which involves molecular dissociation and the formation of Si—-Ca-F bonds. This
causes the excess fluorine to be released as volatile SiFx species that escape from the surface
(as shown schematically in Figure 2) [23]. This also favors the formation of a uniform
reacted layer that wets the substrate. If the growth temperature is below 600 °C, however,
the thermal energy is not sufficient to induce this interface reaction; at around 470 °C,
scanning tunnelling microscopy (STM) has demonstrated intact Si(111) — (7 x 7) regions
between 3D CaF, islands [26], while at room temperature the formation of single-crystalline
layers of CaF; is inhibited [23]. These results have also been confirmed by photoemission
studies based on surface sensitive core-level spectroscopy [27,28].

CaFz
%TX Si-Ca-F p

Figure 2. Interface dissociative reaction between CaF; and Si occurring at high temperature (adapted
from Ref. [23]).

A basic summary of the different growth modes and morphologies that CaF, can
present on Si(111) is shown in Figure 3, depending on growth parameters such as the
substrate temperature and the evaporation rate (flux).
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Figure 3. Growth modes and morphologies of the CaF,/Si(111) system, under different growth
conditions. On the top panel, at substrate temperatures above 600 °C during growth, a reacted
layer that covers the surface uniformly (i.e., a wetting layer) is formed, on top of which CaF; layers
and islands develop. On the bottom panel, at low growth temperatures, an incomplete reaction
takes place at the interface, with the development of islands that do not uniformly cover (wet) the
substrate surface.

Ishiwara et al. [29] studied both the deposition of CaF; on Si and the epitaxial growth
of interfaces such as Si/insulator/Si by depositing CaF, in UHV. They used p-type Si
wafers with (111) and (001) orientations and examined both the crystallinity and film
composition ratios through ion channeling and backscattering. They found that in both
cases, the stochiometric ratio of Ca to F was 1:2. Epitaxial growth was observed both on
Si(111) and Si(001) at temperatures above 400 °C. The optimal growth temperatures for
crystalline structures ranged from 500 °C to 600 °C for Si(001), and from 600 °C to 800 °C
for Si(111). The authors also explored the growth of Si onto CaF,/Si(111), finding that
the deposited silicon film also grew epitaxially on the fluoride layer. Moreover, Si growth
proved to be less sensitive to O, contamination compared to bare Si substrates. Sullivan
et al. [30] independently verified these results.

A similar study was carried out on the growth of CaF,, SrF;, and BaF, on Si(111)
and Si(001) [31]. It was found that good-quality SrF, and BaF; films could be grown at
600 °C on Si(111), and at 400-800 °C on Si(001). Films on Si(001) showed crystallites with
(111)-oriented facets. Fathauer et al. [32] further demonstrated that CaF, films on Si(111)
achieved superior crystalline quality compared to those grown on Si(001). This finding can
be attributed to the surface free energy of CaF;, which is the lowest for (111) surfaces, with
respect to (110) and (001) surfaces.

Asano and Ishiwara [33] further concluded that the morphology of the CaF,/Si(111)
system can be controlled by adjusting the growth conditions. X-ray diffraction [24] demon-
strated that the type-A orientation is achieved by growing below 400 °C. The role of the
deposition rate was also demonstrated to be essential: a slower rate of 0.67 A s~ led to
the formation of epitaxial CaF,, while working at a much faster rate of 20 A s~! yielded
polycrystalline films. A slower deposition rate allows molecules to remain in contact with
the substrate longer, favoring migration to reactive sites and promoting epitaxy.

Strain in MBE-grown CaF, /Si films, induced by post-deposition cooling due to the
large thermal expansion coefficient difference between CaF; and Si, is an additional signifi-
cant aspect to be considered in fluoride growth on silicon [34].
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Wong et al. [35] found that the critical thickness for pseudomorphic films grown on
Si(111) at a constant temperature of 720 °C is 12 ML, due to the larger lattice mismatch
at high temperatures compared to room temperature. It was reported that depositing
6-7 ML of CaF, at 720 °C as a template (for subsequent growth at room temperature) can
considerably increase the critical thickness. They attributed this layer-by-layer growth
at room temperature to the latent heat of condensation of the deposited CaF, molecules,
which provided the necessary mobility on the CaF,(111) surface.

In a recent study, Suturin et al. [36] were able to produce uniform and pinhole-free
thin layers of CaF,/Si(111) by keeping the substate temperature at a relatively low value
of 250 °C, compared to the other studies reported above, and using a deposition rate of
two to three monolayers/s. This allowed them to produce Au/CaF;/n-Si(111) structures
presenting extremely low tunneling currents with a fluoride thickness of 1.5-2 nm.

Compared to Si(111), only a limited number of investigations have focused on CaF,
growth on Si(001). The clean Si(001) surface is known to reconstruct in a double-domain
2 x 1 pattern where Si dimers form parallel rows. On adjacent atomic terraces, these rows
align along the [110] or [110] directions, as shown in Figure 4a. Unlike Si(111), which
generally supports a layer-by-layer growth mode, Si(001) tends to promote anisotropic
nanostructured patterns whose features can be finely tuned through careful control of the
growth conditions.

Loretto et al. [37] pioneered efforts to grow elongated CaF, islands on Si(001) via MBE.
High-resolution TEM revealed two symmetry-equivalent [011] orientations for the CaF,
islands, each terminated by {111} facets. Sumiya et al. [38] focused on the early stages
of CaF; growth on Si(100). At room temperature and high coverage, CaF, formed small
islands that became elongated when annealed at 520 °C, aligning along the silicon [110] and
[110] directions. At 610 °C, these islands evolved into nanostructured layers composed of
rows aligned with the substrate, presumably due to a chemical reaction between fluoride
and silicon.

Sokolov et al. [39] showed that MBE-grown CaF, on 5i(001) at 550 °C yielded uni-
formly spaced, nearly square islands with the same lattice orientation as the substrate.
Above 700 °C, however, the fluoride formed nanowires along the [110] and [110] direc-
tions, as indicated by RHEED. These elongated islands formed on top of a one-layer-thick
wetting layer. UPS and MDS supported these findings [40]. The interface chemistry was
investigated in detail in [41] during CaF, deposition on Si(001). An initial ~0.1 monolayer
(ML) coverage of CaF, at high temperature (770 °C), shown in Figure 4b, produced narrow
nanostripes confined to individual terraces and oriented along the [110] and [110] direc-
tions (labeled B and A, respectively). As coverage increased, these nanostripes coalesced
into a continuous wetting layer: an example of a terminated wetting layer is shown in
Figure 4c (labeled C). Beyond 1 ML, as can be seen in Figure 4d, three-dimensional growth
occurred, creating micrometer-length stripes (labeled D) that spanned multiple terraces.
The wetting layer is a key factor that governs the orientation of the CaF, islands: it is
formed by reacted fluoride molecules that undergo dissociation preferentially at the step
edges of the Si(001) terraces, leading to volatile SiFy species that leave the surface and
produce a preferential erosion of certain terraces, depending on the orientation of the step
edges (see also Figure 2). By selecting appropriate vicinal Si(001) surfaces with a low
miscut angle, it is possible to create parallel Si atomic terraces that run closer to either the
[110] or [110] direction, with alternate directions of the dimer rows (Figure 4a) on adjacent
terraces. This induces the dissociative erosion reaction to act preferentially on one type
of terrace with respect to the other and convert the typical double-domain structure of
Si(001) to a single-domain for the dielectric film. Photoemission studies revealed that,
under high-temperature and low-coverage conditions, almost complete dissociation of the
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fluoride can take place. By contrast, lower-temperature growth (approximately 450 °C)
yielded uniformly distributed, rectangular-based CaF; islands aligned along the [110] and
[110] directions. Under these conditions, CaF, does not wet silicon completely, leaving the
substrate uncovered between the islands.

(a) Terrace B Terrace A
2x1 1x2 dimer row
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Figure 4. (a) Perspective view of the Si(001) double-domain surface. On the bottom, high-temperature
(770 °C) deposition of CaF, on Si(001): (b) 0.1 ML coverage, (c) 1 ML coverage, (d) 6 ML coverage;
the meaning of labels A, B, C and D has been explained in the text (reprinted, with permission, from
Ref. [41]. Copyright (2005) by the American Physical Society).

Similarly, MBE-grown SrF; on Si(001) was studied in [42], focusing on the interface
formation. The results closely resembled the CaF; case [41]: at high deposition temperatures
(700-750 °C), Figure 5a shows that SrF, formed reacted nanostripes running along the [110]
or [110] directions (labeled B and A, respectively). When reaching 1 ML, the nanostripes
coalesced into a uniform wetting layer (Figure 5b); for 2-20 ML, 3D islands nucleated
on top this interfacial layer (Figure 5c). During the development of the wetting layer,
photoemission studies indicated a molecular dissociation and the formation of Sr—Si bonds.
At lower deposition temperatures (around 400 °C), flat triangular SrF, islands formed
without covering the entire surface.
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Figure 5. AFM images of SrF, grown on Si(001) at 750 °C: (a) 0.5 ML coverage, (b) 2 ML coverage,
and (c) 5 ML coverage, with the individual ridge in detail; the meaning of labels A and B has been
explained in the text (reprinted, with permission, from Ref. [42]. Copyright (2007) by the American
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Physical Society).
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To provide additional knowledge about growth modes of other fluorides on sili-
con, beyond the group of alkaline earth metals, Sokolov et al. [39,43] focused on CdF,
heterostructures. CdF, epitaxial layers on Si(111) were fabricated [44], together with
CdF,/CaF, superlattices [45]. Calcium fluoride and cadmium fluoride share the same
crystal structure, with a low lattice mismatch of 1.4%; CdF, shows a band gap value of 8 eV.
X-ray diffractometry on CdF, directly grown on Si(111) at RT showed poor quality CdF,
layers; this improved substantially when a buffer layer of CaF, was used, and the substrate
held at 100 °C. In this case, well-pronounced RHEED specular beam oscillations indicated
a 2D growth mode. The growth of CdF; on single crystal CaF,(111) was also tested, which
resulted in different morphologies at different deposition temperatures, varying from broad
round plateaus separated by CdF, single-layer steps (500 °C), well-pronounced faceting
resulting in the formation of triangular pyramids (300 °C) and broad triangular plateaus
separated by [110] steps (100 °C).

2.2. Rare-Earth Trifluorides on Si

Rare-earth trifluorides can transform from an orthorhombic to a trigonal structure with
increasing temperature. The trigonal phase, having three-fold symmetry, is particularly
advantageous for epitaxial growth on (111) surfaces of group IV and III-V semiconduc-
tors [46]. Another notable benefit of rare-earth trifluorides is their relatively low thermal
expansion coefficients, implying reduced strain during film growth compared to alka-
line earth fluorides. Furthermore, unlike group IIA fluorides, rare-earth trifluorides are
water-insoluble and feature good mechanical properties.

Sinharoy et al. [47] were the first to report LaF3 growth on Si(111) in a UHV system
at substrate temperatures between 500 and 700 °C. In situ LEED measurements showed
a /3 x /3 reconstruction for films over 1000 A thick, confirming that the LaF; basal
plane was parallel to the Si(111) surface. They also demonstrated that the LaF; lattice was
rotationally aligned to fit the hexagonal symmetry of the Si(111) cell.

Epitaxial growth of CeF3; and NdF; on Si(111) was reported in [48], maintaining
substrate temperatures between 400 and 700 °C. Both CeF3 and NdF3 exhibited high-
quality epitaxy, though their surface morphologies were highly dependent on temperature.
Optimal growth conditions were identified at 600°C for CeF; and at 500 °C for NdFs;,
producing single-crystalline films. LEED confirmed that the basal planes of the fluorides
were parallel to the Si(111) surface, with the film lattice matching the hexagonal structure
of silicon.

2.3. Alkaline Earth Fluorides on Ge

Phillips et al. [49] studied the epitaxial growth of BaF, on various substrates, including
Ge(100) and Ge(111), analyzing the crystalline quality and stoichiometry by Rutherford
backscattering and channeling. No epitaxy was observed in the poor lattice-matched
BaF,/Ge(100) system at any temperatures, while the BaF, /Ge(111) system, despite a very
poor lattice matching (9.1%), exhibited good quality, strongly depending on the substrate
temperature during the deposition (a better quality was achieved at higher temperatures).
This suggests that other factors besides lattice matching contribute to the quality of the
epitaxial growth.

The growth of group II fluorides on Ge(111) was reported in [50], focusing on the epi-
taxial relations between the film and the substrate, investigated through ion channeling and
backscattering spectroscopy. The fluorides involved were CaF;, SrF;, BaF;, Cag 65519 35F2,
and Cag 4,5t 58F», evaporated by MBE. The results agreed with the previous research of
Phillips et al. [51]: CaF,, Cag ¢55rg35F2, and Cag 4751 58F» resulted in a type-B orientation
with the substrate, while SrF, and BaF; resulted in films with both A- and B-type orienta-
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tions, with a high lattice strain. It was concluded that these fluorides tend to grow with
type-B orientation on non-polar semiconductors.

2.4. Fluorides on I1I-V Semiconductors

Many efforts have been undertaken regarding the deposition of group II fluorides on
II-V semiconductors, such as GaAs, InP, and CdTe. Since these semiconductors crystallize
in the zincblende structure, their integration with cubic dielectric materials is particularly
interesting due to the low lattice mismatch (lower than 1%), such as, for instance, SrF /InP
and CaF,/GaP [52].

Sullivan et al. [53] reported the MBE growth of GaAs/fluoride/GaAs(001) structures
using CaF, and SrF,. SrF, (~100 A) was grown at 250-500 °C, and reflection electron
diffraction indicated 3D island formation; however, a 1 x 1 reconstruction was observed
after annealing at 400 °C. It was shown that CaF; also grew epitaxially on GaAs in the entire
range of 250-500 °C. GaAs deposition on both (001) fluorides revealed epitaxial growth in
both cases. Nevertheless, strontium fluoride heterostructures showed minimal interlayer
diffusion, unlike Ga and As, which diffused into buried CaF, layers through cracks caused
by the mismatch of both the lattice constant and the thermal expansion coefficient between
the GaAs and the fluoride. SrF,, with a lower elastic constant, better accommodates GaAs,
suggesting that mixed fluorides could prevent CaF, cracking. Electrical measurements on
both films showed good dielectric strength and high resistivity.

The deposition of mixed fluorides has also been reported [50], with lattice-matched
Cag 42Srg 58F> films grown on GaAs(111). These films exhibited a type-A orientation, align-
ing with the substrate’s lattice. CaySr;_xF, was grown on GaAs(001) and GaAs(110) [54];
the composition of the mixed fluoride was chosen to obtain a good lattice matching with
GaAs and to take advantage of the similar thermodynamic properties of calcium fluoride
and strontium fluoride. Transmission electron diffraction revealed epitaxial growth on
(001)- and (110)-oriented GaAs substrates at temperatures above 300 °C; lattice matching
was better with the mixed fluoride than with CaF,.

Mao et al. [55] presented a synchrotron radiation photoemission study of the electronic
properties and morphology of the interface between RT-grown CaF; and SrF, on GaAs(110).
Spectra were recorded for the clean substrate and for different nominal coverages, varying
from 0.5 to 60 A; the results suggested the formation of an inert interface between CaF; or
SrF, and GaAs(110) at RT [52].

The growth of BaF; and CaF, films on InP(001) was studied in [56]. RHEED revealed
that BaF, growth with the substrate kept at 200 °C resulted in epitaxial layers. BaF, was also
deposited on CdTe(001) [52], exhibiting again a good epitaxy. At room temperature, elec-
tron diffraction demonstrated the presence of polycrystalline BaF, films on InP(001) [52],
with insufficient surface energy to promote epitaxial growth. Instead, growth at 200 °C
resulted in epitaxial films of BaF, both on InP(100) and CdTe(100). CaF, was deposited
on InP(001) at 200 °C and 350 °C: at the lower temperature, the films were polycrystalline,
while at the higher temperature, the layers were epitaxial. In this case, RHEED confirmed
that the films preserved the same symmetry as the substrate.

Tu et al. [57] realized the first epitaxial III-V semiconductor/dielectric/semiconductor
heterostructures, specifically InP/CaF,/InP(001) and InP/BaySr;_«F,/InP(001). They
first grew group II fluorides via MBE on the (001) surface of InP, which presented a 1 x 2
surface reconstruction. Maintaining the substrate at 500 °C during growth of CaF, on a
phosphorous-rich surface, RHEED showed a parallel epitaxial relationship between the
fluoride and InP(001). Despite the large lattice mismatch between the substrate and the
added fluoride (~6.9% at RT), the lattice of InP tended to accommodate the smaller lattice
parameter of calcium fluoride, generating a pseudomorphic growth. This behavior is
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also attributed to the higher elastic modulus of calcium fluoride with respect to InP. The
triple-layer device, with a 100 A CaF; buried film, was then characterized by measuring
the current-voltage characteristics at RT; the curves suggested the presence of defects in
the film, promoting high leakage currents. The growth of the mixed fluoride [57] reduced
the lattice mismatch to ~2%, leading to a better insulator/semiconductor interface and,
consequently, substantially reduced charge trapping.

3. Growth of Fluorides on Conductive Substrates
3.1. Fluorides on Metals

Although the growth of fluorides on semiconductors has been widely explored in
many past studies, research on metals and conducting materials has been limited. However,
this could be of great interest regarding, for instance, the realization of gate contacts.

Farias et al. [58] deposited epitaxial LiF on Ag(111) atlow temperature; the first growth
stages were investigated through scanning tunnelling microscopy (STM). Performing the
deposition at 77 K, it was observed that the fluoride molecules nucleated on both the upper
and lower sides of step edges (Figure 6a); this contrasted with metal-on-metal growth,
where nucleation typically occurs only on the lower step side. This behavior was attributed
to the presence of a strong local electric fields due to charge redistribution at the step sites
and parallel to the surface [59,60].

Y M WL
e ﬁg Ay W%\— ﬂ“«f

é\e‘ Xt

Figure 6. (a) STM image taken at 6 K after the deposition of LiF at 77 K, with a deposition rate of
7.3 x 1074 ML/s (reprinted, with permission, from Ref. [58]. Copyright (2000) by Elsevier). (b) On
the top, a 500 nm x 500 nm STM image after deposition of 0.4 equivalent TL of CaF; on Cu(111) at
900 K. On the bottom, a 500 nm x 140 nm STM image after deposition of 8 TL at 900 K (reprinted,
with permission, from Ref. [61]. Copyright (2005) by Elsevier).

The epitaxial growth of CaF,(111) on Cu(111) at different substrate temperatures was
investigated in [61] by STM. The fluoride islands, at temperatures of 400 °C and higher,
exhibited triangular shapes in two orientations, rotated 60° relative to each other, with flat
top surfaces (Figure 6b). LEED revealed that the films were oriented in the [111] direction
and aligned with the substrate. These findings suggested that epitaxial CaF,(111) twinned
crystallites tend to grow on Cu(111).

Borghi et al. [62] studied the deposition of SrF, on Ag(111) through MBE in UHV
conditions. Specifically, the lattice parameter of SrF, is 5.80 A, while Ag has a lattice
parameter of 4.09 A; however, the mismatch between the metal and SrF, is reduced to
approximately 0.4% when comparing the spacing between two Ag atoms along the [110]
direction with the spacing between two Sr atoms along the [100] direction. Moreover, SrF,
and Ag share a similar thermal expansion coefficient, around 1.8-1.9 x 107> K~! at RT.
Regarding ultrathin (0.5 nm) layers of SrF, deposited at RT, AFM showed a dendritic-like
structure (Figure 7a): this morphology was already observed previously [58,61]. RHEED
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streak patterns indicated that these SrF; islands presented their [111] axis perpendicular to
the substrate. At higher coverage, i.e., after a deposition of 1.5 nm, AFM showed that the
SrF, islands tended to coalesce, leading to a uniform coverage of the substrate at increasing
thickness; this was evident at 5 nm at RT, as shown in Figure 7b. A different behavior was
obtained at higher temperature deposition: keeping the Ag(111) substrate at 250 °C and
depositing 5 nm of fluoride, the surface morphology presented pyramidal shaped islands
formed by stacked (111) layers. At 400 °C, similar results were obtained: SrF, reorganized
on the surface, producing islands with a prismatic shape, which were flat on the top and
slightly bigger than those formed at 250 °C (Figure 7c). These islands were made of twinned
structures, exhibiting two primary orientations that were rotated 180° relative to each other.
XPS indicated that no chemical interface interaction occurred between the Ag and SrF,,
with the preservation of stoichiometry of the bulk fluoride during the deposition, even at
the highest substrate temperature.

Figure 7. AFM images of SrF, grown on Ag(111) at RT: (a) 0.5 nm and (b) 5 nm of nominal thickness.
(c) Ex situ AFM image after the deposition of 5 nm of SrF; at 400 °C (reprinted from Ref. [62], Creative
Commons CC-BY license. Copyright (2024) by Elsevier).

3.2. Fluorides on HOPG

Highly oriented pyrolytic graphite (HOPG) is a non-metallic and conductive material
and, when used as a substrate, can be considered somewhat similar to graphene. HOPG has
already been the object of many investigations, mainly to grow insulating materials [63—65].
On the other hand, graphene is promising for the development of 2D electronic devices,
such as 2D FETs, photodetectors, and even flexible electronic compounds [66,67]. Graphene-
based devices require the improvement of stacked heterostructures with 2D oxides or other
insulating layers [68,69]. The direct growth of oxides on graphene has proven to be
challenging because, due of its low surface energy, it promotes the formation of islands
instead of a uniform film. This requires the use of additional treatments, which complicate
the deposition process.

Borghi et al. [70] performed the growth of SrF; on HOPG through MBE. Growth of
SrF, on HOPG at RT resulted in the formation of “mosaic islands”: small (111)-oriented
crystallites were grown slightly rotated around the axis perpendicular to the surface,
forming macroscopic dendrites. This was different from the growth mode on Ag [62] or
from other metal-fluoride combinations [58,61,71] in which the initial growth phase was
characterized by nanometric dendrites (Figure 8a). Even at the nominal thickness of 5 nm,
the fluoride did not completely cover the substrate. XPS demonstrated that SrF, grew
in a bulk-like manner since the very first stages of deposition, with no chemical reaction
occurring at the interface. Depositing SrF, at higher temperatures changed the surface
morphology: at 200 °C, the surface was dominated by star-shaped islands (Figure 8b); at
400 °C, the fluoride tended to accumulate only at the step edges of the substrate terraces,
leading to the formation of very long one-dimensional wires (Figure 8c). The self-assembly
of very long and almost 1D dielectric wires occurring at 400 °C suggested the intriguing
possibility to use MBE for the growth of 1D nanoscale optical guides and dielectric wires.
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120 nm

Figure 8. AFM images of SrF, growth on HOPG: (a) 5 nm of SrF, at RT; (b) 5 nm of SrF, at 200 °C of
substrate temperature; (c) 5 nm of SrF, at 400 °C of substrate temperature (reprinted from Ref. [70],
Creative Commons CC-BY license. Copyright (2024) by Elsevier).

4. Perspectives and Future Applications

The intent to use 2D semiconductors in FETs makes it necessary to seek appropriate
gate insulator materials.

Miniaturized devices depend on scaled gate insulators with an equivalent oxide thick-
ness (EOT) below 1 nm. Various approaches have been explored, including conventional
3D oxides [72,73] and native oxides of 2D materials [74-76], but both face significant
limitations. Amorphous oxides create poorly defined interfaces with multiple dangling
bonds [77], resulting in suboptimal subthreshold swings [7,73,78], hysteresis in gate transfer
characteristics [79,80] and bias-temperature instabilities [81]. Similarly, the few reported
native oxide 2D material stacks exhibit high defect densities, which lead to poor dielectric
strengths [82,83]. Intuitively, hexagonal boron nitride (h-BN) could represent a viable
option, but studies reported so far have shown that high-quality interfaces must be traded
off with unsatisfactory dielectric properties [80,84-87].

Fluorides, particularly calcium fluoride, have been recognized as promising materials.
Consequently, CaF; has been synthesized using multiple techniques that are scalable for
wafer-level fabrication and are applicable to various substrates, with a particular emphasis
on Si. In the past, CaF, films have already been used as barrier layers in resonant tunneling
diodes [88] and superlattices [36].

Several studies have investigated different conductive channels such as graphene [89],
silicene [90,91], and black phosphorous [92], while keeping CaF; as a dielectric material
for digital logic applications. Currently, the focus is on transition metal dichalcogenides
(TMDs), i.e., M0S,, MoSe,, WS, etc., two-dimensional materials that exhibit a direct band
gap in the monolayer form. TMDs have already been employed for the development of
electronic devices, enabling sub-5 nm FET miniaturization [93-95].

Y. Illarionov et al. demonstrated that epitaxial CaF, can work in substitution of SiO, as
an ultrathin gate insulator for 2D devices based on MoS; [7]. The fabrication of FETs started
with the MBE deposition of a ~2 nm thick CaF, layer onto a clean Si(111) surface at 250 °C.
Then, MoS, was grown through chemical vapor deposition and transferred onto the CaF;
substrate. Additional Ti/Au layers were used to contact the channels. Figure 9a shows a
schematic sketch of the CaF,(111) /MoS, interface formed by F-terminated calcium fluoride
and atomically flat MoS;, while Figure 9b shows the layered structure in the channel area of
the device, as obtained with high-resolution TEM. Therefore, heteroepitaxy of 2D materials
on a 3D CaF, surface was successfully achieved, allowing the interface to be treated as a
quasi-van der Waals interface, with minimal defects and dangling bonds. Promising values
of on/ off current ratios up to 107 and subthreshold swing (SS) values below 150 mV /decade
were reported in the first prototype devices.
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Figure 9. (a) Atomistic structure of the quasi-vdW interface between F-terminated CaF,(111) and
MoS,. (b) High-resolution TEM image obtained in the channel area (reprinted from Ref. [7], Creative
Commons CC-BY license. Copyright (2020) by Springer Nature).

Das, S. et al. [96] fabricated ~200 n graphene field-effect transistors (GFETs) with a
CVD-grown graphene channel and 2 nm of CaF; as insulator, examining device variability
and hysteresis dynamics. Despite some variability from grain boundaries and CaF, imper-
fections, some nearly identical GFETs were observed. A statistical analysis of hysteresis
and bias temperature instability (BTI) up to 175 °C showed that an ambient-sensitive coun-
terclockwise hysteresis was eliminated after annealing. The remaining clockwise hysteresis,
linked to CaF; border traps, was lower than in GFETs with SiO; or Al,Os as gate insulators.
Hysteresis was reduced below 0.01 V for an EOT of ~1 nm at high electric fields, meeting
commercial standards and confirming CaF, as a promising insulator for field-effect devices.

More recently, Meng et al. [9] adopted the thermal evaporation of rare-earth metal
fluorides (e.g., LaF3, CeF3, NdFs3) to produce n- and p-type FETs with MoS, and WSe;.
Thanks to their strong capacitive coupling at the atomic scale, enhanced by low energy
barriers of F~ ion migration in fluorides and a wide bandgap, RE-F; films presented a high
static dielectric constant (~30 at 10 MHz) and achieved an ultrathin EOT with extremely
low leakage currents. Fluoride-gated MoS, transistors exhibited nearly ideal subthreshold
swing (SS) values, a high on/off current ratio, minimal hysteresis, low gate leakage, low
operating voltage, and strong reversibility. The static transfer characteristics of these n-type
transistors are shown in Figure 10. Meng et al. also integrated n-type MoS; and p-type WSep
transistors for the development of CMOS inverter devices, which have been integrated into
simple logic circuits.
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Figure 10. Static transfer characteristics of n-type MoS, transistors, with a LaF3 thickness around
100 nm, measured at room temperature with a sweep rate of 100 mV s~1, shown for various VDS
values (reprinted, with permission, from Ref. [9]. Copyright (2024) by Springer Nature).

Overall, it may be expected that epitaxial fluorides will be the object of renewed
fundamental and technological interest in the next decade, similar to what occurred in the
1980s and 1990s, concerning their growth on “conventional” semiconductors and silicon in
particular. To further miniaturize next-generation devices, it is essential to replace silicon
oxide and other most common oxides with new insulating materials that are compatible
with emerging technologies. Low interaction with 2D semiconductors and conductive
contacts, combined with the possible van der Waals nature of the epitaxial layers, makes
fluorides dielectrics very promising in nanoelectronics. In addition, the remarkable op-
tical properties, the possibility to introduce controlled luminescence centers by suitable
doping [97] in nanoscale-controlled architectures, and the ionic transport capabilities at
the nanoscale of different fluorides may open a wide scenario of applications in several
fields, including optoelectronics (e.g., nanoscale scintillators [98]), nanoionics and iontron-
ics [99-101] for energy and data storage in miniaturized systems, sensoristics [102,103], and
also biofunctionalized materials [104]. On the other hand, much research is still needed
to improve the quality and crystallinity of fluoride films on substrates other than conven-
tional semiconductors, and eventually to promote flat-layer growth. Quasi-van der Waals
interfaces would be highly desirable for such devices, but a fine control of the chemical
composition of the layers and of the defects at the interfaces of the contact and active
materials are mandatory steps in order to obtain a reliable and reproducible performance.
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