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ABSTRACT

Calcium fluoride is a dielectric material with a wide bandgap (�12.1 eV) and a relatively high dielectric constant (�6.8) that forms a van der
Waals interface with two-dimensional (2D) materials, meaning that it contains a very low amount of defects. Thin calcium fluoride films can
be synthesized using multiple techniques that are scalable to the wafer level, including molecular beam epitaxy, atomic layer deposition, and
chemical vapor deposition. However, the consolidation of calcium fluoride as dielectric for 2D electronics requires overcoming some funda-
mental challenges related to material quality and integration, as well as carrying out advanced characterization and computational studies to
evaluate its real potential. Here, we review the status of calcium fluoride dielectric films in terms of material synthesis, fundamental electrical
properties, and future applications; we also discuss the most important challenges of calcium fluoride integration in 2D materials– based,
solid-state nano/micro-electronic devices, and propose several potential routes to overcome them. Our manuscript may serve as a useful
guide for other scientists working on 2D electronics in general, and provides a clear pathway for calcium fluoride research in the future.
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I. INTRODUCTION

The fabrication of solid-state nano/micro-electronic devices [i.e.,
field effect transistors (FETs), memristors] and circuits (i.e., high-
frequency switches, operational amplifiers, artificial neural networks)
using two-dimensional (2D) materials is a very promising strategy to
develop beyond CMOS systems, and it may be a useful method to
extend the Moore’s law.1–5 However, introducing new materials in
solid-state nano/micro-electronic devices is a challenging task because,

not only must record performances be achieved in order to justify their
use, but also essential synthesis and integration challenges need to be
overcome.6 One of the main challenges associated with the fabrication
of 2D materials–based, solid-state nano/micro-electronic devices and
circuits is to find suitable dielectric materials that exhibit good interac-
tion and performance7–9 —the use of dielectrics cannot be avoided, as
they are essential to generate key functionalities of most devices,
including electrical fields, capacitance effects, and resistive switching
(RS) (among others).

The interface between the 2D materials and all dielectrics tradi-
tionally used in FETs (i.e., SiO2, HfO2, Al2O3) contains a large amount
of traps due to the absence of out-of-plane chemical dangling bonds
on the surface of the 2D material, which results in performance degra-
dation and appearance of reliability problems in the devices, with hys-
teresis, channel hot carriers (CHCs), bias temperature instability
(BTI), stress-induced leakage current (SILC), and premature dielectric
breakdown as the most harmful examples.10,11 In order to mitigate
these problems, scientists used 2D multilayer hexagonal boron nitride
(h-BN) as gate dielectric in FETs,9 because theoretically, h-BN could
form a clean van der Waals interface almost free of traps with the 2D
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channel.12 However, state-of-the-art h-BN stacks synthesized using
scalable methods still contain too many local defects (i.e., vacancies,
lattice distortions, thickness fluctuations, impurities, cracks, and wrin-
kles),13 which also result in abundant traps at the interface and pro-
voke the aforementioned reliability problems. So far, the scalable
method to synthesize h-BN that results in the lowest amount of defects
is chemical vapor deposition (CVD), but even using this approach, the
quality of the h-BN sheets does not fulfill the performance and reliabil-
ity requirements of industrial FETs.14 Furthermore, the synthesis of
state-of-the art h-BN via CVD requires the use of high temperatures
above 900 �C, which impedes direct growth on patterned wafers and
requires the use of a complex transfer process that introduces contami-
nants and can produce cracks in the 2D sheet.15,16 On top of that, h-
BN has a low out-of-plane dielectric constant (�3.7417), which is
impossible to use in ultra-scaled FETs with equivalent oxide thickness
(EOT) of < 1nm because the capacitance to form the channel can
only be reached by reducing the physical thickness, resulting in a pro-
hibitive increase in the leakage current.18 Therefore, finding new mate-
rials that could serve as reliable gate dielectric in FETs with 2D
channels is of utmost importance.

A recent report has used for the first time ultra-thin (�2.2nm) cal-
cium fluoride (CaF2) films as gate dielectric in FETs with bilayer (i.e.,
�1.5nm thick) MoS2 channels, and presented high on/off current ratios
up to 107 with a small normalized hysteresis of around 2� 10�3 V
(MV�cm�1)�1.19 The cell structure of pure crystalline CaF2 consists of 4
ions of Ca and 8 ions of F with space group Fm3m and lattice constant
of 5.46 Å,20 wherein each Ca atom is coordinated to eight fluoride
anions and each F� ion is surrounded by four Ca2þ ions20 [see
Fig. 1(a)]. The lattice constant of crystalline CaF2 matches that of crys-
talline silicon (5.43 Å), which suggests that the interface between these
two materials may contain a low amount of defects (i.e., dangling
bonds). But the most interesting aspect of crystalline CaF2 films is that
their surface is terminated with F atoms, which produces a self-
passivating effect free of dangling bonds and forms a van der Waals
interface with 2D semiconductors like MoS2. That is probably why the
recently reported CaF2/MoS2 FETs

19 showed promising electrical per-
formance. Furthermore, high-quality ultra-thin CaF2 films can be

synthesized by molecular beam epitaxy (MBE) on silicon at 250 �C,
which is compatible with the temperatures used in FETs industrial pro-
duction processes, both front-end-of-line (FEOL) and back-end-of-line
(BEOL).21 In this review, we summarize the state-of-the-art knowledge
about the use of ultra-thin CaF2 dielectrics in different solid-state nano/
micro-electronic devices and describe the main studies that need to be
carried out in order to overcome performance and integration
challenges.

II. SYNTHESIS METHODS WITH A FOCUS ON QUALITY
ACHIEVED
A. Molecular beam epitaxy

Technologies and strategies to synthesize thin CaF2 films are
developing rapidly, and ultra-thin CaF2 films of high quality have been
successfully synthesized using methods that are scalable to the wafer
level.[19,22] So far, the method that has produced the highest quality
CaF2 films is MBE; this is a physical deposition method that has been
successfully applied on silicon, III-V semiconductors and cooper, and
it allows synthesizing crystalline ultra-thin CaF2 at low temperatures
down to 200 �C.

Sullivan et al.23 achieved MBE synthesis of CaF2 films with thick-
nesses of �100nm onto Si (001) substrates at temperatures ranging
between 200 and 350 �C. When using Si (001) as substrate, the CaF2
films synthesized at both 200 and 350 �C were polycrystalline, possibly
due to insufficient pretreatment of the Si surface.23 The main factor
that may explain the poor quality of the CaF2 films grown on Si (001)
by MBE is the high free energy of the CaF2 (001) surface,

24 which can
etch the surface of the Si (001) substrate and form a wetting layer rich
in Si-Ca bonds at the interface. In contrast, the CaF2 (111) surface has
a lower free energy (45–55 lJ/cm2),24,25 leading to a better crystallinity
and smoother surfaces.26,27 The growth of CaF2 on Si (111) at temper-
atures below 400 �C leads to CaF2 films with the same crystallographic
orientation as the underlying Si (111) substrate, while the use of tem-
peratures between 600 and 800 �C results in CaF2 films with a crystal-
lographic orientation that is rotated by 180� relative to the surface
normal (111) axis of the substrate.28–30 Figure 2(a) shows the crystallo-
graphic orientation of the CaF2 film which is the same as that of Si
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FIG. 1. Crystal and band structures of bulk CaF2. (a) Crystal structure of CaF2, where purple spheres represent Ca2þ ions and red spheres represent F� ions. For visual
clarity, the size of the Ca2þ ions has been reduced by a ratio of 0.6. (b) Energy bands for bulk CaF2, where dashed blue lines represent the bands structure calculated with
PBEsol and straight red lines represent the bands structure calculated with DFT-1/2 method. Reprinted with permission from Matusalem et al., J. Phys. Condens. Mat. 30,
365501 (2018). Copyright 2018 Institute of Physics.57
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(111) substrate when deposited by MBE method at 200 �C.30 The mis-
match of 180� between the CaF2 (111) grown by MBE at high temper-
atures (600–760 �C) and the underlying Si (111) substrate was also
observed in the high-resolution cross-sectional TEM images31 [shown
in Fig. 2(b)], which also reported the presence of pinholes32 [shown in
Fig. 3(a)] and severe thickness fluctuations —these promote leakage
currents when the CaF2 serves as gate dielectric in FETs. It is impor-
tant to highlight that good TEM characterization was achieved for
electron beam doses below 1.21� 107 e/nm2, and that above that value
the microstructure of CaF2 film decomposed.30

By thoroughly cleaning the Si (111) surface, the author in Ref. 32
managed to grow�3nm thick CaF2 films (at�250 �C) with good crys-
tallographic orientation [confirmed by reflection high-energy electron
diffraction (RHEED)] and small-thickness fluctuations [confirmed by
topographic maps collected using an atomic force microscope (AFM)]
indicated in Fig. 3(b). The method used to clean the surface of the Si
(111) substrate prior to the CaF2 growth consisted of: (i) wet chemical
processes to eliminate contaminants on the Si substrate using de-
ionized water, methyl alcohol, trichlorethylene, nitric acid, hydrogen
peroxide, ammonium hydroxide and hydrogen fluoride; (ii) thin oxide
film formation in hydrogen chloride: hydrogen peroxide: de-ionized
water (3:1:1) at 90 �C for 10min on the Si surface to avoid contamina-
tion; (iii) thermal desorption of a thin oxide film under ultra-high vac-
uum (UHV) by annealing the sample for 2 min at 1200 �C. This
method had been used previously33 to clean the surface of Si (100) and
Si (111) substrates prior to MBE synthesis of Si, and it leads to a low
density of dislocations below 1000/cm2 in the substrates and high qual-
ity epitaxial Si. The ultra-thin CaF2 films synthesized by MBE on such
clean surfaces34 exhibited an excellent single-crystalline structure when

analyzed via cross-sectional TEM [see Fig. 2(c)]. Despite the continu-
ous cubic crystalline structure of the CaF2 film being clearly visible in
the TEM images with different atomic patterns [including 2D layered,
hexagonal, cubic, and point-like patterns, see Figs. 2(d)–2(g)], smooth
transitions from one pattern to another were always observed, indicat-
ing the absence of defect clusters or grain boundaries. The different
atomic patterns are related to the angle formed between the different
orientations of the cubic CaF2 crystal with respect to the electron beam
of the TEM, which is consistent with the previous observations.35

Energy dispersive x ray (EDX) spectroscopy and electron energy loss
spectroscopy (EELS) integrated into the TEM machine also confirmed
the correct chemical structure of these samples.34

CaF2 films have been also synthesized by MBE on III–V semi-
conductors, such as InP (001)24 and GaAs (100).36 Schowalter and
Fathauer24 synthesized �100nm thick CaF2 films onto InP (001) sub-
strates with deposition temperatures varying from 200 to 350 �C. As
confirmed by top-view TEM images, the use of temperatures around
200 �C leads to a polycrystalline structure and a relatively smooth sur-
face, while CaF2 films synthesized at 350 �C showed single-crystalline
structure with a cracked surface. The formation of cracks along the
surface is related to the different thermal expansion coefficients of the
CaF2 film and the InP (001) substrate. When using GaAs (100) as the
substrate, monocrystalline CaF2 film (100) can only be achieved with
deposition temperatures higher than 350 �C.36 Farrow et al.37 demon-
strated for the first time the synthesis of �100nm fluoride films
(BaF2) by MBE on InP (001) substrates at 1050 �C.

The epitaxial growth of�3nm thick CaF2 films by MBE can also
be realized on the surface of Cu (111) substrates.38 The temperatures
used during the growth process ranged between 27 and 627 �C.
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FIG. 2. Cross-sectional TEM images of CaF2 films synthesized by MBE method. (a) Cross-sectional TEM image of the Au/1.5 nm-thick CaF2/3.4-nm-thick Si/1 nm-thick CaF2 (from
left to right), where CaF2 layers were grown by MBE on Si (111) substrate at 200 �C. Reprinted with permission from Watanabe et al., Jpn. J. Appl. Phys. 39, L964 (2000). Copyright
2000 The Japan Society of Applied Physics.30 (b) Cross-sectional TEM image of a CaF2/Si interface structure with the position of the interface plane indicated. The CaF2 layer was
grown by MBE on Si (111) substrate at 600 �C. Reprinted with permission from Gribelyuk and Wilk, Thin Solid Films, 339, 51–57 (1999). Copyright 1999 Elsevier.31 (c) Large-area
cross-sectional TEM images with sub-nanometre resolution of ultra-thin CaF2 films deposited by MBE at 250 �C on Si (111) substrate showing the continuous cubic crystalline structure
free of amorphous defective regions. Scale bar 3 nm. (d)–(g) Zoomed and false-colored TEM images, highlighting different types of atomic patterns. Scale bar 0.5 nm. Reprinted with
permission from Wen et al., Adv. Mater. 32, 2002525 (2020). Copyright 2020 Wiley-VCH.35
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Scanning tunneling microscopy (STM) inspection of the as-grown
samples indicates the formation of small islands (area �1500nm2)
with triangular shapes [see Fig. 3(c)], and that the CaF2 layer grown
on the Cu substrate lacks uniformity.

In summary, MBE is a physical deposition method that allows
for direct epitaxial growth of high-quality, ultra-thin CaF2 films (see
Table I), i.e., high degree of crystallinity, free of clusters of defects and
a clean interface free of dangling bonds with the underlying substrates.
The absence of dangling bonds ensures that the surface of the CaF2
(111) film is naturally inert without the need of additional chemical or
electrical passivation processes (often called self-passivation). The self-
passivation characteristic of the CaF2 (111) surface enables its use as
gate dielectric in 2D materials–based FETs, of which the performance
is often degraded by the problematic interface between 2D channel
and the traditional (i.e., 3D) dielectric. Moreover, the properties of the
films grown by MBE can be monitored in situ with methods like
RHEED, allowing good morphology control. However, MBE setup is
expensive and relatively complex to use due to the need of ultra-high
vacuum conditions, which are two important factors hindering its use
among academics. Moreover, MBE typically exhibits small growth
rates (�1.3 nm/min measured by a quartz oscillator), which might be
a limitation for some applications requiring very thick CaF2 films.

B. Other methods

Industry-compatible chemical deposition processes, such as
atomic layer deposition (ALD)39,40 and CVD, have also been

employed to grow CaF2 film on different kinds of substrates, and other
more complex approaches, such as vacuum evaporation,41 have also
been developed. Despite the fact that the quality of the films achieved
is lower than that of MBE in terms of crystallinity and density of dan-
gling bonds, their simplicity and lower cost may be an important fac-
tor that could drive additional efforts to synthesize CaF2 dielectrics
and optimize their quality, both among academics and in the industry.
Furthermore, as different electronic devices require different defect
concentrations, CaF2 films synthesized using these methods may be
attractive for other applications even if the quality achieved may not
be as high as that of MBE-grown films. As an example, defect-free
thermal SiO2 shows very poor performance in RS devices, while
highly-defective sputtered SiO2 films show excellent performance,42

and the same happens for MoS2
43 and h-BN.5

ALD was used to synthesize CaF2 films with thicknesses ranging
from 54 to 163nm at temperatures between 300 and 450 �C on Si
(100) and Si (111) substrates (with their native oxide), borosilicate
glass, sputtered indium tin oxide (ITO) film, and quartz substrates.39

Ca(thd)2 [thd¼C11H19O2¼2,2,6,6-tetramethyl-3,5-heptanedionato]
was used as the Ca source, and TiF4 was used as the F source.
Traditionally, hydrofluoric acid was used as the F source due to its
high reactivity but this resulted in aggressive chemical reactions of sili-
cates,44 and it was later found that TiF4 also shows high reactivity39

while keeping good thermal stability40 (plus it is less hazardous than
hydrofluoric acid45). In Ref. 39 it was observed that all the CaF2 films
were polycrystalline [see Fig. 3(d)], that the size of the grains increased

(a)

(c) (d) (e)

(b) 1 nm

0 nm

500 nm
100 nm

S4800 10.0kV 3.7mm x80.0k SE(M)
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CaF2 11 ML 700 °C

3000 nm x 4 nm 4400 nm x 7 nm

CaF2 40 ML 820 °C CaF2 RMS = 54 pm

FIG. 3. Morphological images of CaF2 films synthesized by different methods. (a) AFM topography maps of �3.4 nm (i.e., 11 layers, left) and �12.6 nm (i.e., 40 layers, right)
CaF2 deposited on Si (111) grown by MBE method at 700 and 820 �C, respectively. The images show triangular pinholes with severe thickness fluctuations. (b) AFM topogra-
phy map of �2.5 nm CaF2 deposited on Si (111) by MBE method at 250 �C (scale bar 200 nm). The image shows that the surface is ultra-flat with a roughness value of only
54 pm. Reprinted with permission from Wen et al., Adv. Mater. 32, 2002525 (2020). Copyright 2020 Wiley-VCH.35 (c) 250 nm� 250 nm STM image of �0.5 nm triangular
islands of CaF2 deposited on Cu (111) by MBE method at 300 K, exhibiting discontinuous triangular shapes. Reprinted with permission from Calleja et al., Surf. Sci. 582, 14
(2005). Copyright 2005 Elsevier.38 (d) SEM image of a �163 nm CaF2 film deposited on Si (111) by ALD method at 300 �C. The image shows a polycrystalline film structure
with small grains. Reprinted with permission from Pilvi et al., Chem. Mater. 14, 3387–3392 (2007). Copyright 2007 American Chemical Society.39 (e) Top-view SEM image of a
�100 nm CaF2 film deposited on Si (001) by vacuum evaporation at 800 �C. The image shows two perpendicular sets of oriented CaF2 crystallites, which is representative of
the entire CaF2 film. Reprinted from Srivatsa and Narayan, J. Vac. Sci. Technol. A, 7, 3200–3204 (1989), with the permission of AIP Publishing.41
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at higher temperatures, and that the surface of the samples was very
rough (hill-to-valley distances of �10nm)—smaller roughness of 0.8
and 1.7 nm were claimed for 7.4 and 40 nm thick samples, but those
claims were not supported by any experimental data. The element
ratio of the samples (Ca:F¼ 2) was nearly perfect, and the samples
showed a high packing density (0.912–0.97) and low impurity level
(0.1%). However, the high surface roughness, the large thickness fluc-
tuations, and the high degree of polycrystallinity are important prob-
lems hindering the use of such ALD-grown CaF2 films as gate
dielectric in FETs, and more efforts to solve these problems are
needed.

Metal organic (MO) CVD was first used to synthesize 490nm to
1.06lm CaF2 films on the silicon substrates.46 The growth tempera-
ture varied from 475–600 �C when choosing different precursors [cal-
cium hexafluoroacetone, Ca(HFA)2 or calcium trifluoroacetic acid,
Ca(TFA)2] and atmospheres (combination of N2 and O2, only N2, or
vacuum). SEM inspection of as-grown samples with Ca(HFA)2 as pre-
cursor under vacuum shows a much flatter surface compared to other
samples. However, neither the roughness of CaF2 surface nor the crys-
talline orientation of CaF2 layer was reported. Makarevich et al.47

reported the successful growth of CaF2 (001) films (confirmed by
XRD spectra) on single-crystalline SrTiO3 (00l) and Ni-W (00l) sub-
strates by water-assisted MOCVD at 400 �C. CaF2 films were depos-
ited with a rate of 5 Å/s under 1Torr using calcium hexafluoroacetone
[Ca(HFAC)2] as the precursor and the surface of CaF2 films deposited
on SrTiO3 (00l) surface exhibit a small roughness value of 10 nm.
Later, thin (10–15nm) CaF2 (100) films were successfully deposited
on polycrystalline Ni0.95W0.05 alloy in Ar atmosphere under 16 mbar
by MOCVD followed by recrystallization annealing at 700 �C.48 In
this synthesis process, two precursors, calcium dipivaloylmethanates
with bidentate neutral ligand 1,10-phenantroline [M(tmhd)2�2Phen]
and hydrofluoric were used. With a deposition rate> 3.5 Å/s, CaF2
film surface exhibit a 3D grid morphology formed by rectangular-
based bars along [110] and [1 1 0] axes (100–200nm long and
30–50nm wide) and a roughness value of 8 nm. The grid morphology
is associated with the in-plane coalescence of single CaF2 (111) crystal-
lites to minimize the film surface energy. Although those CaF2 films
show high crystallinity, their surfaces are still very rough and the inter-
faces with the substrates employed have not been analyzed. The pre-
cursor used in Ref. 48 (hydrofluoric) is highly corrosive, resulting in
aggressive reaction with the substrates and bringing plenty of defects
at the interface.

Vacuum evaporation was used in Ref. 41 to synthesize thin (110)
CaF2 on (001) Si substrates by evaporating CaF2 pellets in a tungsten
boat at 650–800 �C under a high vacuum atmosphere
(�5� 10�6Torr). As confirmed by scanning electron microscope
(SEM) and transmission electron microscope (TEM), the use of high
temperatures (800 �C) results in a polycrystalline structure with grains
oriented in two perpendicular directions [see Fig. 3(e)] while the use of
moderate temperatures (650 �C) results in a polycrystalline structure
with grains (diameter�100nm) oriented randomly. The polycrystalli-
zation of the CaF2 film, which is an unwanted phenomenon if used as
gate dielectric in FETs, may be related to the relatively low pressure
used during the evaporation process, which introduces oxygen impuri-
ties non-uniformly distributed at the CaF2/Si interface, as confirmed
by the Auger electron spectroscopy depth profiles. One possible solu-
tion for this issue may be the use of additional power sources to assist

the deposition process, such as laser,49 plasma,50 magnetron field,51

cluster beam,52 and electron beam evaporation.53 Electron beam evap-
oration was used to deposit 200 nm CaF2 as a buffer layer to grow dia-
mond on the Ir/CaF2/Si surface at 500 �C.

53 Cook et al.51 utilized radio
frequency (RF) magnetron sputtering to decrease the substrate tem-
perature down to 450 �C, and this value was further decreased to
200 �C in Ref. 49 using pulsed laser deposition (PLD). Although in
these reports the high thermal budget issue was solved, the growth of
ultra-thin CaF2 crystals with low density of defects was not demon-
strated (i.e., the images in Refs. 49–52 present artifacts and a rough
surface).

In summary, ALD, CVD, and vacuum evaporation can be used
to grow CaF2 films, but so far, the samples produced still suffer from
high density of defects (i.e., impurities, dislocations, lattice distortions,
dangling bonds), large inhomogeneities due to the poor interface
between CaF2 films and the substrate, and large-thickness fluctuations
(i.e., grains with diameter�50nm, hill-to-valley distances of�10nm),
see Table I. Moreover, the reproducibility from one batch to another
needs to be improved, probably by fine-tuning the growth parameters
and optimizing the atmosphere used. In any case, the low cost of some
of these methods (especially ALD and CVD), makes it worth the effort
to try to optimize the quality of the films, analyze their compatibility
with multiple 2D materials, and find applications in electronic devices
beyond FETs.

III. FUNDAMENTAL ELECTRICAL PROPERTIES

In order to analyze whether CaF2 is a suitable insulating material
to be used as gate dielectric in FETs, fundamental electrical properties
like energy band structure, dielectric constant, and dielectric strength
need to be investigated. In this section, we summarize the values
reported for CaF2, discuss their reliability based on the methods used
to obtain them, and compare them to the properties of other dielec-
trics typically employed as dielectric in solid-state micro-electronic
devices.

The direct energy bandgap of CaF2 obtained by mechanical cleav-
age of bulk crystals was experimentally characterized using synchrotron
radiation as a light source to measure the normal-incidence reflectance
spectra at 90K, and a value of 12.1 eV54 was obtained. Studies using
computational methods to evaluate the direct bandgap of CaF2 have
reported a wide range of values (from 7.11 to 11.8 eV54–57) together
with different band structures [shown in Fig. 1(b)] depending on the
model used, but the most accepted direct bandgap value is 11.8 eV,
which has been obtained using Hedin’s GW approximation.58

Compared to SiO2 (8.9 eV)59 and h-BN (�6 eV),60 the bandgap of
CaF2 is much wider, which is an advantage enabling its use as gate
dielectric in FETs, as that decreases the leakage current.

The dielectric constant of CaF2 synthesized by the Bridgman
method61 was experimentally characterized using the Whispering-
Gallery mode method,62 and values of 6.844 and 6.502 were obtained
at temperatures of 296K and 4.9K, respectively (using a frequency of
17.5GHz).63 This value is similar to that obtained when analyzing
CaF2 crystals synthesized by the Kyropoulos method61 using a conven-
tional capacity bridge-measuring system,64,65 which leads to a dielec-
tric constant of �6.8 at 25 �C. In the past (i.e., in 1938), experimental
values up to �8.43 at 25 �C had been reported,66 although details on
the synthesis and measuring method were not disclosed. Although tra-
ditionally this value (8.43) has been amply cited in the literature,64,67,68
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we consider �6.8 to be more valid due to the better defined synthesis
and measuring methods employed in Refs. 69–71. The different values
observed for dielectric constants reported experimentally may change
slightly depending on the synthesis method employed,64,65 and could
also vary depending on the temperature,64 pressure,72 and volume73

considered during the measurement. As indicated in Secs. II A–II B,
so far the method that produces the highest quality, crystalline, ultra-
thin CaF2 films is MBE; however, the dielectric constant of these
types of films has never been reported. The dielectric constant of
CaF2 ionic crystals was calculated using density-functional theory
(DFT)74 with different exchange correlation functionals; the local-
density approximation (LDA) - DFTmethod leads to the lowest values

(5.3), while the LDA (semicore)-DFT method leads to a higher value
(9.02).

The dielectric constant of CaF2 (�6.8) is higher than that of SiO2

(3.9), which is the traditional gate dielectric in FETs,75 and also higher
than the out-of-plane dielectric constant of h-BN (�3.7),17 which is
the most used dielectric for 2D electronics.9,18 This is an immediate
advantage because it allows for a better control of the charge in the
channel region (when used as gate dielectric in FETs), compared with
SiO2 and h-BN films of the same thickness. Other transition metal
oxide (TMO) dielectrics may hold higher dielectric constant (i.e., �25
for HfO2, and �9 for Al2O3

76), which could be better for electrostatic
control at the channel region of FETs; however, the density of native

TABLE I. Different methods reported in the literature to synthesize CaF2 films, the main parameters used during the synthesis, and the quality reported. T represents deposition
temperature, P represents pressure during the synthesis, and s represents thickness of CaF2 film. Surface analysis via SEM, STM, AFM, or TEM) for most of the samples grown
using these methods is shown in Fig. 2. The symbol “– ”means that it was not specified in the paper.

Method Substrate T (�C) P (Torr) s (nm) Quality Ref.

Atomic layer
deposition

Si (111) 300 0.75 54 Polycrystalline structure with
small grains and F:Ca ratio

near 2

39,40

450 Polycrystalline structure with
small grains and F:Ca ratio

near 2
Chemical vapor
deposition

Si 475–600 760/10–5 300 – 1060 Small hillocks randomly distrib-
uted on the surface

46

SrTiO3 (001) 400 1 – Highly crystalline CaF2 with sur-
face roughness of 10 nm

47

Ni-W (001) 400 1 – Highly crystalline CaF2
Al2O3 (1102) 250–450 12 10– 15 Highly crystalline CaF2 48
MgO (001) Polycrystalline structure but

changed into single crystalline
after annealing at 700 �C

Ni0.95W0.05 (00l)[h00]

Vacuum evaporation Si (001) Cleaned by RCA
method

650 5� 10–6 100 Polycrystalline structure with
two perpendicular orientations

41

800 Polycrystalline structure with
random orientation

Molecular beam
epitaxy

Cu (111) Cleaned by
annealing

27– 627 – 1.75 Small islands distributed ran-
domly with triangular shapes

38

InP (001) Cleaned by argon
ion bombardment

200 10–3 100 Polycrystalline structure with
smoother surface

23

350 Epitaxial growth but with a craz-
ing surface

In situ cleaned Si (001) 200 – Polycrystalline structure
350

Si (111) Thermally cleaned 760 – 1.5 Highly crystalline CaF2 but with
triangular pinholes on the

surface

32

Si (111) Thermally cleaned 250 8� 10–11 2.5 High crystal quality with a very
flat surface

34

GaAs (100) Cleaned by
chemical etching

< 250 7� 10–10 50 Polycrystalline structure 36
320 Mixed (100) and (111)

orientations
>350 Monocrystalline (100) structure
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defects in these TMO materials is much higher than in CaF2, produc-
ing the aforementioned harmful effects at the device level (i.e., trap-
assisted tunneling, CHC, and BTI), plus the direct growth of TMOs on
2D materials is problematic.7,8 Therefore, the use of CaF2 as dielectric
in 2D materials–based electronic devices could be an effective solution
in the context of the different trade-offs to which dielectrics are
exposed.

The dielectric strength is defined as the maximum electrical field
that one dielectric can withstand before the dielectric breakdown is
triggered, and it can be estimated by applying ramped voltage stresses
(RVS) and measuring the current simultaneously to construct current
vs voltage (I–V) curves. This measurement is normally carried out by
sandwiching the dielectric between two electrodes, which can be
metallic or semiconducting, and some important factors affecting the
results obtained are: (i) the type of electrodes used (i.e., Au, Ti, Ag, and
Si, among others; materials with a larger diffusivity may result in a
lower dielectric strength, as they may penetrate into the dielectric and
trigger the breakdown at lower energies);77 (ii) the pressure and tem-
perature under which the electrical stress is applied (i.e., higher tem-
perature or pressure supply additional energy to the atoms in the
dielectric and electrodes, facilitating their migration);78 (iii) speed of
the RVS applied (i.e., slower ramps lead to lower dielectric strength
because the dielectric is exposed to the electrical field for longer times,
which produces a higher degree of degradation into the dielectric);79

and (iv) area of the electrodes used (i.e., as the dielectric breakdown is
a stochastic phenomenon that takes place at the electrically weakest
location of the entire area under stress, the larger the area, the higher
the probability to have defective, and therefore weaker, locations80,81).

The simplest (and most common) method to carry out this mea-
surement is to deposit metallic electrodes on top of the dielectric stack
using a shadow mask, and apply the RVS using a probe station con-
nected to a semiconductor parameter analyzer (SPA). Using this
approach, it has been reported82 that�200nm thick CaF2 films depos-
ited on Si substrate by vacuum evaporation show a dielectric strength
of 1.7MV/cm when using Al electrodes with areas ranging from 283
to 785mm2. This value is much lower than that observed in thermal
SiO2 (20.36 0.9MV/cm34), probably due to the poor quality of the
CaF2 film. It is also possible that in Ref. 82 the dielectric strength was
lowered due to the pressure exerted by the tips of the probe station83

and/or by the large area of the electrodes (1000 lm2), which is much
larger than the active area of modern FETs (�50nm2).84 These prob-
lems can be solved by using a conductive atomic force microscope
(CAFM) [see Fig. 4(a)], as this tool applies the RVS at small
(�50nm2) areas,85 and can accurately control the contact force
between the CAFM tip and the sample (resolution <0.01N/m).86 The
dielectric strength of �2.5nm thick CaF2 films synthesized via MBE
on Si (111) was measured using a CAFM by two different groups. The
first one87 used a CAFM working in air and provided with an Au-
coated Si tip, and a dielectric strength of �10MV/cm was observed.
However, this number may be affected by the presence of water mole-
cules at the tip/sample junction, and the value claimed was not statisti-
cally demonstrated (i.e., only one I-V curve was presented). The
second one34 used a CAFM working in high vacuum (�10�6 Torr)
and provided with solid Pt tips, and in this case the dielectric strength
observed was �27.86 1.7MV/cm [see Fig. 4(b)]. This number is
more reliable not only because the authors collected >300 I–V curves
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FIG. 4. Electrical measurements of CaF2 stacks using CAFM. (a) Schematic of the nano-scale electrical measurement of a h-BN film using CAFM. Modified and reprinted with
permission from Shi et al., Nat. Electron. 1, 458–465 (2018). Copyright 2018 Nature Research.77 (b)–(c) I–V curves collected on the surface of �2.5 nm CaF2 and �4.7 nm
SiO2 samples by applying RVS from 0 to 10 V, using a logarithmic current-to-voltage preamplifier. For CaF2 and SiO2 a total of 43 and 58 locations have been analyzed. The
dielectric strength of CaF2 is 27.86 1.7 MV/cm, and the dielectric strength of SiO2 is 20.36 0.9 MV/cm. The leakage current across of the CaF2 film is so low that it cannot be
detected with the CAFM using logarithmic amplifier. (d) I–V curves collected on the surface of �2.5 nm CaF2, �4.7 nm SiO2, �2 nm TiO2/1.5 nm SiOX, and �6 nm h-BN by
applying RVS from 0 to 10 V. Each plot shows> 300 I–V curves collected at different locations. The mean value (l) and standard deviation (r) of VON are indicated. The
point-to-point variability in CaF2 is the smallest one among four dielectrics. (b)–(d) Reprinted with permission from Wen et al., Adv. Mater. 32, 2002525 (2020). Copyright 2020
Wiley-VCH.34
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at different locations of the samples and carried out the experiments in
high-vacuum, but also because they used solid Pt tips, which do not
lose their conductive properties when exposed to high currents.86

Moreover, similar experiments carried out in �4.7 nm SiO2 revealed a
dielectric strength of 20.36 0.9MV/cm [see Fig. 4(c)], i.e., similar to
that reported by the industry in similar samples (�20MV/cm88)
which validates the measuring method. The dielectric strength of
MBE-grown CaF2 is superior to that of thermal SiO2, and also higher
than that measured in TiO2 (�3MV/cm89) and mechanically exfoli-
ated h-BN (�12.0MV/cm) via CAFM.89–91

Another remarkable conclusion extracted from the I-V curves
reported in reference34 is that the leakage current across the �2.5 nm
CaF2 film before the dielectric breakdown was orders of magnitude
lower than across the�4.7 nm SiO2 [see Fig. 4(d)]. This observation is
of fundamental importance as it will reduce the off-current (and, as
such, the standby power consumption) and enhance the reliability and
lifetime of FETs using CaF2 as gate dielectric.

IV. APPLICATIONS

Due to its excellent electrical properties (i.e., high energy bandgap,
high dielectric constant, high dielectric strength) and good scalability of
the synthesis methods, CaF2 films show excellent potential for

integration in different solid-state electronic devices, such as FETs,
organic thin-film transistors (OTFTs), photosensors, and diodes. The
high-quality van der Waals interface formed between MBE-grown
CaF2 (111) films and the surface of 2D materials could reduce scatter-
ing processes and degradation to a minimum. Therefore, CaF2 shows
extraordinary potential for being used as gate dielectric for FETs using
2D semiconducting channels, as demonstrated in Refs. 19 and 22

Bartolomeo et al.19 fabricated MoS2/CaF2 FETs by transferring
CVD-grown MoS2 sheets onto a �2nm thick CaF2 (111) film synthe-
sized by MBE on a Si (111) substrate at 250 �C [see Fig. 5(a)]. The
resulting FETs, which had channel lengths and widths varying from
400 to 800nm, exhibit high on/off current ratios up to�107 and a rea-
sonably small subthreshold swing to �90mV/dec [see Fig. 5(b)]. It
was also observed22 that FETs with MoS2 transistors and MBE-grown
CaF2 gate dielectrics show a smaller hysteresis than Al2O3 encapsu-
lated SiO2/MoS2 FETs [see Fig. 5(c)], and that CaF2 exhibits smaller
leakage currents and higher electric stability under high electrical stress
compared to mechanical exfoliated h-BN, which is consistent with the
observation shown in Ref. 34.

Electronic devices based on wide bandgap semiconductors
(such as diamond) are attractive due to their high thermal stability
(20W/cm K, for diamond), large breakdown field (2� 107 V/cm, for
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diamond), and high-power efficiency. However, diamond-based metal-
insulator-semiconductor FETs (MISFETs) suffered from higher surface
state (1012/cm2�eV) compared to Si based MISFETs, which limits the
electrical performance. Therefore, CaF2 films were synthesized on a
diamond substrate using electron beam evaporation to stabilize the dia-
mond surface and serve as the gate dielectric in MISFETs.92 The sche-
matic of diamond-based MISFET is shown in Fig. 5(d). With the
assistance of the CaF2 layer and reduced-oxygen process by diamond
surface passivation, the surface state density near the valence band
decreases down to 1010/cm2 eV.93 Furthermore, the effective mobility
of diamond MISFETs with CaF2 as gate dielectric reaches 400 cm2/
(V�s) [see Fig. 5(e)]93 at room temperature and the maximum trans-
conductance reaches 86 mS/mm [see Fig. 5(f)],94 which are two
remarkable improvements in diamondMISFETs.

However, so far highly crystalline CaF2 films have never been fab-
ricated via thermal evaporation and CVD. The fabrication of
MISFETs using MBE-grown CaF2 (640–800nm) on Si substrate under
565 �C was reported in Ref. 95. The Al/CaF2/Si MISFETs presented in
that work, which had a channel length of 20lm, exhibited room-
temperature electron mobilities of 300 cm2/V s and catastrophic
breakdown at relatively low electrical fields of �3MV/cm. The small
dielectric strength observed in this specific work may be related to the
poor crystalline quality of the CaF2 film, as the thick CaF2 layer was
grown on Si (100) surface by MBE method, usually resulting in a poly-
crystalline structure. The fabrication of MISFETs using a CaF2 film
deposited on a GaAs (100) substrate as the gate dielectric was reported
in Ref. 96 to replace the AlGaAs/GaAs heterostructure in high-
frequency (RF) FETs, which suffers from a low energy barrier
(�0.3 eV). The �60nm thick CaF2 film was synthesized by MBE at
600 �C and the channel length of the MISFET was 1lm, which
resulted in an effective channel mobility of �103 cm2/V s. It was also
reported that the transconductance increased rapidly when the gate
length decreases from 3.5 to 1lm, and the room-temperature trans-
conductance of 1lm channel MISFETs was 64 mS/mm.

CaF2 films grown by MBE have been introduced into tunnel MIS
emitter transistors, exhibiting both saturation and active operationmodes.97

The MIS emitter transistor works via light irradiation, which is similar to a
phototransistor. CaF2 films synthesized by MBE have also been used as
buffer layers in resonant tunneling diodes (RTDs) and tunnel injection
diodes (TIDs).27,98 Yu et al.99 utilized the vacuum evaporation method to
deposit CaF2 films and used them as gate dielectric in organic thin-film
transistors (OTFTs), and Wang et al.100 deposited CaF2 films also by vac-
uum evaporation, but used them as a floating gate in OTFTs.

CaF2 owns a low transmission coefficient due to its large effective
mass of carriers, making it a promising gate material for FETs to reduce
the leakage current across traditional SiO2 based diodes. In order to
compare the electrical properties of FETs using CaF2 as gate dielectric
with those using SiO2, the leakage currents in diodes using thin CaF2
and SiO2 dielectric films were theoretically calculated.101 It was found
that CaF2 films grown on Si (111) substrates by MBE exhibited much
lower leakage currents than those of SiO2, which was also confirmed
experimentally by measuring I–V curves in Au/CaF2/Si (111) and Au/
SiO2/Si (111) stacks.

102 Illarionov et al.102 further investigated the I–V
characteristics of MIS structures using MBE-grown CaF2 as an insula-
tor, and compared them with HfO2 and La2O3. Both theoretical and
experimental results show that MBE-grown CaF2 films exhibit lower
leakage currents than MIS structures using HfO2 and La2O3 dielectrics.

V. CHALLENGES AND PERSPECTIVES

Despite the advances described in Secs. III–IV, the use of CaF2
dielectric films in 2D materials–based, solid-state nano/micro-elec-
tronic devices is still in an embryonic stage, and many challenges need
to be overcome.

The growth of high-quality CaF2 films is strongly linked to the
substrates used, and so far, the best quality has been achieved via MBE
on the Si (111) surface, only after UHV annealing of the Si (111) sub-
strate at �1200 �C for 2min. This basically impedes the direct synthe-
sis of CaF2 by MBE on patterned wafers, as the high temperature
required for the UHV annealing would damage any pre-patterned
device. Therefore, demonstrations of annealing-free growth of high-
quality CaF2 films by MBE are still necessary. Furthermore, the CaF2
will need to be synthesized on different materials in order to construct
devices, not only on Si (111). It might be possible that such high-
temperature annealing may not be necessary if the process is carried
out on ultra-clean wafers processed in an industrial lab; however, the
need for growth on multiple different substrates (including 2D materi-
als) will still be there.

It is worth noting that the devices in Ref. 19 are single-back gate
FETs, i.e., all the devices tested share one common gate (the substrate),
and top-gated configurations still need to be demonstrated. One possi-
bility may be to synthesize the CaF2 films on Si (111) and transfer
them onto the target substrates similarly to what is often done with 2D
materials,103 but the successfulness of this proposed approach still has
to be demonstrated. In any case, it would be much better to achieve
low temperature synthesis of CaF2 on different materials in order to
avoid cracks and contamination during the transfer, although this may
be a huge challenge that has still not been achieved for many other
materials. In this regard, MBE growth of CaF2 on top of common 2D
semiconductors (such as MoS2) will have to be developed. The main
challenges hindering the direct growth of 3D insulators (like CaF2) on
2D materials (like MoS2) are:104–108 (i) there is a lack of dangling
bonds on 2D substrates, leading to the inert surface and low density of
nucleation sites;109 (ii) the weak interaction between layered substrates
and 3D materials may result in short-range ordering and highly ori-
ented polycrystalline bulk films;110 and (iii) the poor wettability of lay-
ered substrates means that the 3D overlayers tend to form clusters and
the surfaces are usually rough as confirmed by SEM images.111,112

Enhancing the functionalities and interactivity of 2D surfaces113 (such
as vacancy creation,114 hydrogenation,115 and substitutional dop-
ing116) could be a potential approach to mitigate these problems. On
the other hand, depositing a buffer layer on top of 2D substrates can
improve the wettability of 2D substrates, thus ensuring the uniform
growth of ultra-thin bulk films.104,105 Regarding the fabrication of
devices, in a next step, the local etching of CaF2 in a controllable man-
ner without damaging the underlying 2D materials needs to be studied
in detail, as this is very important to create openings in the CaF2 to
contact the underlying 2D channel.117–119

Next, the quality of the interface between the CaF2 and the adja-
cent 2D materials should be analyzed in depth. The work that demon-
strated the formation of van der Waals interfaces between CaF2 films
and the adjacent 2D materials when using MBE as synthesis method
dates from 1989, used MoSe2 films synthesized by MBE, and observed
different patterns at the MoSe2/CaF2 interface by RHEED method.120

This claim was later proved by analyzing the interface between MoSe2
and CaF2 by different characterization techniques, including X-ray
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photoelectron spectroscopy, Raman spectrum and cross-sectional
TEM, but the interface analysis should be repeated on other substrates
and 2D materials. In this regard, theoretical methods, for example
DFT calculations, should be employed to clarify the type of interface
between CaF2 and different 2D materials. So far, the structure of CaF2
has been investigated by numerous simulation methods at high pres-
sure,121 high temperature,122 and different phases.123,124 The forma-
tion of local defects in CaF2 has been studied using periodic density
functional theory (PDFT)125 and periodic electrostatic embedded clus-
ter method (PEECM),126 revealing that the formation of F vacancies is
favorable for small electron chemical potentials in the CaF2 bulk. With
shell model molecular dynamics simulations, it was reported that the
isothermal bulk modulus of CaF2 decreases with increasing tempera-
ture (up to 1500K).122

The entire dielectric breakdown process of CaF2 dielectrics when
integrated in different solid-state nano/micro-electronic devices needs
to be analyzed, which means that many electrical-field–driven nano-
scale phenomena need to be fully understood. Among them, tunneling
current, formation energies of different types of defects, charge trap-
ping and de-trapping, presence/absence of random telegraph noise,
trap-assisted tunneling, SILC, charge-to-breakdown, severity of the
breakdown event (progressive, soft and/or hard), time-dependent
dielectric breakdown (TDDB) statistics, local temperature during the
breakdown, avalanche currents, presence/absence of dielectric
breakdown-induced epitaxy (DBIE), and presence/absence of revers-
ible dielectric breakdown (i.e., a type of RS) are the most important.
Some methods employed traditionally to analyze the reliability of
ultra-thin SiO2 and transition metal oxide dielectrics (such as charge
pumping) may be also employed to assess the reliability and elucidate
the real potential of ultra-thin CaF2 dielectric films. For example,
capacitance-voltage curves have been measured in metal/CaF2/p-Si
(111) using a lock-in amplifier26 or LCR meter in order to obtain the
interface defects at the CaF2/Si interface. However, plenty of other tests
remain to be carried out.

In 2D materials-based FETs employing CaF2 as gate dielectric,
reliability characteristics that should be thoroughly analyzed are BTI
and CHCs. In this regard, standard measure-stress-measure methods
should be employed to study drifts in the threshold voltage during
voltage stress and recovery at several sets of elevated temperatures to
comprehensively map out BTI characteristics for different device
batches. These investigations are expected to depend on the device
design (i.e., back gated vs top gated) and upon the quality of the inter-
face of the 2D material to the CaF2; and most importantly on CaF2
film quality. BTI studies will reveal important properties about the
energetic location of defect states in the CaF2 layer, which are expected
to be discrete and scarcer than widely-known defect bands in SiO2 or
HfO2. CHC127 is expected to depend both on the CaF2 layer used, as
well as the semiconducting 2D layer, which is why extensive studies
on several batches based on different 2D semiconductors are required.

CaF2-based RS devices have only been reported by Nishi et al.,128

where CaF2 was fabricated by thermal evaporation. In these RS devi-
ces, the performances demonstrated are still far from being competi-
tive for multiple reasons. First, the top electrodes of CaF2-based
devices cover a large area, ranging from 8� 103 to 5� 105 lm2, which
results in high leakage currents (10�6 to 10�4 A) and poor integration
density. The high leakage currents in single CaF2 devices will decrease
the reliability and the yield of CaF2 based crossbar arrays. Second, only

the electrical performance of single CaF2 devices has been analyzed,
while the crossbar structure of CaF2-based devices remains to be fabri-
cated and analyzed. Third, the CaF2 devices showed a small on/off cur-
rent ratio (�20) while other figures of merit (e.g., switching time,
energy per transition, endurance, and retention) were not reported.
Fourth, only several I–V curves are presented in Ref. 10 and the statis-
tical analysis (including device-to-device variability, cycle-to-cycle var-
iability, and yield analysis) were not included. However, it should be
noted that the CaF2 films in these devices are fabricated by thermal
evaporation, which results in high density of defects. With the quality
CaF2 films improved by synthesis methods (such as MBE, ALD, and
CVD), CaF2-based devices are expected to show better performance,
lower leakage current, higher on/off current ratio, and faster switching
speed.

VI. CONCLUSION

In this paper, we reviewed the potential of CaF2 to be used as
dielectric in 2D materials–based electronic devices. CaF2 films grown
by MBE on Si (111) show the best quality (i.e., high crystallinity and
flat surface), while other methods, such as vacuum evaporation, ALD,
and CVD, result in a rougher surface, polycrystalline structure, and
abundant lattice dislocations. Local CAFM studies of highly crystalline
CaF2 films exhibit low leakage current and high dielectric strength, but
these values have not been confirmed at the device level. The interfaces
between thin CaF2 films and adjacent 2D materials can contain low
amounts of defects, but demonstrations of its positive effect at the
device level remain very scarce. Overall, CaF2 is a material with out-
standing potential to become the flagship dielectric of 2D electronics,
and abundant research in this direction should result in high-
performance devices and circuits.
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