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Dielectric Properties of Ultrathin CaF, lonic Crystals

Chao Wen, Alexander G. Banshchikov, Yury Y. lllarionov, Werner Frammelsberger,
Theresia Knobloch, Fei Hui, Nikolai S. Sokolov, Tibor Grasser, and Mario Lanza*

Mechanically exfoliated 2D hexagonal boron nitride (h-BN) is currently the
preferred dielectric material to interact with graphene and 2D transition

metal dichalcogenides in nanoelectronic devices, as they form a clean van

der Waals interface. However, h-BN has a low dielectric constant (=3.9),
which in ultrascaled devices results in high leakage current and premature
dielectric breakdown. Furthermore, the synthesis of h-BN using scalable
methods, such as chemical vapor deposition, requires very high temperatures
(>900 °C) , and the resulting h-BN stacks contain abundant few-atoms-wide
amorphous regions that decrease its homogeneity and dielectric strength.
Here it is shown that ultrathin calcium fluoride (CaF,) ionic crystals could be
an excellent solution to mitigate these problems. By applying >3000 ramped
voltage stresses and several current maps at different locations of the samples
via conductive atomic force microscopy, it is statistically demonstrated that
ultrathin CaF, shows much better dielectric performance (i.e., homogeneity,
leakage current, and dielectric strength) than SiO,, TiO,, and h-BN. The main
reason behind this behavior is that the cubic crystalline structure of CaF, is

number of defective bonds.!l This pro-
motes uncontrollable charge trapping and
de-trapping, which creates unwanted devi-
ations of several parameters of the devices
(i.e., hysteresis and threshold voltage in
transistors), and results in a faster device
degradation.”?! To solve this problem, one
common strategy is to use multilayer
hexagonal boron nitride (h-BN) as sub-
strate and/or dielectric.>*) However, so far
h-BN dielectrics only work reliably when
synthesized by (non-scalable) mechanical
exfoliation, which results in a consider-
ably lower amount of defects.! When
the h-BN is synthesized using scalable
methods, such as chemical vapor deposi-
tion (CVD), it contains abundant lattice
distortions that propagate vertically from
one layer to another, leading to few-atoms-
wide amorphous regions with weaker

continuous and free of defects over large regions, which prevents the forma-

tion of electrically weak spots.

The integration of 2D materials in solid-state electronic devices
and circuits may allow developing advanced applications with
superior performance. However, the interaction of 2D mate-
rials like graphene and 2D transition-metal dichalcogenides
(TMDs) with adjacent 3D dielectrics in electronic devices
(normally SiO, or metal oxides) has been shown to be very
problematic, as the 2D/3D interface usually contains a large
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dielectric strength (see Figure S1, Sup-
porting Information).>®! When integrated
as dielectric in a device, the presence
of these defective regions decreases the
homogeneity of the leakage current (see Figure S2a, Supporting
Information), and reduces the lifetime of the device due to the
stochastic nature of the dielectric breakdown (DB) process.!
Moreover, the dielectric constant of h-BN is only =3.9, which in
ultra-scaled devices results in high leakage current and prema-
ture DB.®Y Furthermore, the synthesis of high-quality layered
h-BN by CVD requires high temperatures >900 °C,1%1 which
impedes its direct growth on patterned wafers. Consequently,
finding insulating materials with a high dielectric constant that
are compatible with graphene and other 2D materials is of para-
mount importance for the construction of advanced solid-state
2D materials based electronic devices and circuits.

CaF, is a dielectric material with a band gap of =12.1 eV and
a dielectric constant of =8.4 that can be grown on a large-scale
at low temperatures (=250 °C) using molecular beam epitaxy
(MBE).Y Thick (>100 nm) stacks of CaF, have been used
for more than 30 years in optoelectronics to fabricate win-
dows, lenses, and lasers (among others) due to their excellent
chemical stability when exposed to moisture and high relative
humidities.’¥] A recent report has demonstrated the use of
ultra-thin (=2 nm) CaF, (111) films as gate dielectric in field-
effect transistors (FETs) with bilayer molybdenum disulfide
(MoS,) channels, and presented high on/off current ratios up
to 107 and small hysteresis.'¥ As the surface of the CaF, (111)
film is terminated with inert fluorine atoms, this material does
not present dangling bonds and it can form a van der Waals
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interface with adjacent 2D layered materials,® making it

one of the most promising dielectrics for future 2D materials
based electronic devices and circuits. However, the density and
type of defects in ultrathin CaF, films, as well as their effect
on the dielectric performance of this material have never been
analyzed in depth. In this investigation, we use characteri-
zation tools with sub-nanometer resolution to analyze the
crystallographic structure, types of defects, and electrical prop-
erties of ultrathin CaF, films, and demonstrate that this mate-
rial exhibits very high homogeneity, ultralow leakage current,
and high dielectric strength. These observations are related to
the absence of amorphous defective paths across the ultrathin
CaF, film, as its cubic crystalline structure is continuous over
long areas, something that so far has never been achieved in
2D layered dielectrics like multilayer h-BN.

High-quality ultrathin CaF, films were grown on a Si (111)
surface by MBE at 250 °C (see Experimental Section). We
collected >56 consecutive cross-sectional high-resolution
transmission electron microscopy (TEM) images with sub-
nanometer resolution, and at some locations also conducted
energy-dispersive X-ray spectroscopy (EDX) as well as electron
energy loss spectroscopy (EELS) to analyze the local chemical
composition (see Experimental Section). As Figure 1 shows, the
cubic crystalline structure of the CaF, film follows different pat-
terns in the TEM images, including 2D layered pattern with an

. ——————,

[
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interlayer distance of =0.32 nm (Figure 1d), hexagonal pattern
(Figure le), cubic pattern (Figure 1f), and point-like pattern
(Figure 1g). This observation is related to the angle of the dif-
ferent orientations of the cubic CaF, crystal with respect to the
electron beam of the TEM (see Figure S3, Supporting Informa-
tion). More importantly, these patterns merge into one another
very smoothly and without any visible defect (see Figure la—c
and Figure S4, Supporting Information). This observation is
fundamentally different to what has been often reported for
CVD grown multilayer h-BN, which shows a layered structure
with abundant few-atoms-wide amorphous regions embedded
every < 10 nm (see Figures S1 and S2, Supporting Informa-
tion).”! In contrast, for ultrathin CaF, films we never observed
amorphous defective regions similar to those observed in mul-
tilayer h-BN. The high-resolution TEM images also reveal that
the thickness of the CaF, film is =2.5 nm, and that it shows
minimal thickness fluctuations (<0.32 nm). This observation
is further confirmed by topographic maps collected via atomic
force microscopy (AFM), which shows that the surface of the
CaF, sample is atomically flat (see Figure S5, Supporting Infor-
mation), with a root mean square (RMS) roughness of only
54 pm, similar to that of industrial Si wafers.[!"!

The correct chemical composition of the samples was con-
firmed by analyzing the concentration of Ca, F, and Si at multiple
locations of the sample using EDX and EELS (see Figures S6

Figure 1. Cross-sectional high-resolution TEM images of ultrathin CaF, films. a—c) Large-area TEM images with sub-nanometer resolution showing
the continuous cubic crystalline structure free of amorphous defective regions. The transition between them is very smooth (see Figure S4, Supporting
Information), indicating that the CaF, crystal is continuous. d—g) Zoomed images showing the different crystallographic orientations detected, which
are related to the angle of the different CaF, sub-lattices with respect to the electron beam of the TEM. h—k) Zoomed and false-colored images of
(d)—(g) highlighting the type of crystallographic orientation. Scale bars: 3 nm in (a)—(c), 2 nm in (d)—(g), and 0.5 nm in (h)—(k).
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Figure 2. Nanoscale electrical homogeneity of CaF,, SiO,, TiO,, and h-BN observed via CAFM. a) -V curves collected on the surface of =2.5 nm CaF,,
4.7 nm SiO,, 2 nm TiO,/1.5 nm SiOy, and =6 nm h-BN by applying RVS from 0 to 10 V. Each plot shows > 300 /-V curves collected at different loca-
tions. The mean value (1) and standard deviation (0) of Vo is indicated. b) Current maps collected on each sample by applying the minimum voltage
needed to observe current above the noise level, which was 7 V for CaF,, 8.5 V for SiO,, 1.5 V for TiO,, and 5 V for h-BN. Scale bars in (b), 30 nm for
CaF;, and 100 nm for SiO,, TiO,, and h-BN. c) Statistical analysis of the size of the conductive spots observed in each map of panel (b).

and S7, Supporting Information); the concentration of parasitic
elements like Cr (from the protective coating) and O (from the
environment) was also mapped. Both tests clearly showed that
the Ca and F signals overlap, and that they are sandwiched by
Cr and Si. The O and Cr signals overlap due to the partial oxida-
tion of the Cr film during the sputtering process, as expected.!!®]

The electrical properties of the ultrathin CaF, films have
been characterized at the nanoscale using a conductive atomic
force microscope (CAFM) working in high-vacuum (=10° Torr)
and provided with solid Pt tips. Ramped voltage stresses (RVS)
have been collected at >280 different randomly selected locations
of the CaF, sample (see Experimental Section and Figure S8,
Supporting Information), and the results have been compared
to those obtained on industrial SiO, (=4.7 nm thick) grown by
thermal oxidation on n*Si, =2 nm TiO, grown by atomic layer
deposition (ALD) on 1.5 nm SiOx/n*Si (native silicon oxide),
and =6 nm h-BN synthesized by CVD. It is important to high-
light that all these samples are of premium quality, as confirmed
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statistically via cross-sectional TEM and AFM (see Experimental
Section and Figure S9, Supporting Information). As Figure 2a
shows, the shape of the current versus voltage (I-V) curves col-
lected on CaF, are radically different to those measured on all
other dielectrics independently on the type of structure, i.e.,
3D like SiO, and TiO, or 2D layered like h-BN. CaF, shows the
lowest variability from one location to another, indicating that
the CaF, sample is by far the most homogeneous. The homo-
geneity of the samples has been quantified by calculating the
dispersion of the onset voltage (Voy), which is defined as the
voltage at which the current starts to rapidly increase above
100 pA. The value of Vgy in CaF, is 6.56 + 0.21 V, compared to
SiO, with 8.07 £0.36 V, TiO, with 4.35 £ 0.54 V, and CVD-grown
h-BN with 6.68 + 0.76 V. This observation has been further con-
firmed by collecting current maps under a constant voltage at
different locations of all the samples. As Figure 2b shows, for
all the samples some locations (red spots) show higher cur-
rents than others, but in CaF, the size of the conductive (weak)

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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spots detected was always the smallest. More specifically, the
mean radius of the weak spots in CaF, is only =3.7 nm, which
is remarkably smaller than in SiO, (=8.87 nm), TiO, (=724 nm),
and h-BN (=14.48 nm), as shown in Figure 2c. See additional
explanations in Note S1 (Supporting Information).

Another important observation in Figure 2a is that the value
of Vgy for the I-V curves collected on =2.5 nm CaF, is close to
that of the I-V curves collected on =4.7 nm SiO, and =6 nm h-BN,
and much higher than that observed on =3.5 nm TiO,/SiOx,
which is clear evidence that CaF, can block the leakage cur-
rent much more effectively than all the other materials. When
the same experiments were repeated on =2 nm SiO, grown
by thermal oxidation on p-type Si (see Figure S10, Supporting
Information), Voy dramatically decreased down to 2.31+0.25V,
further evidencing the high ability of the ultrathin CaF, ionic
crystals to block leakage currents. Additional discussions are
provided in Note S2 (Supporting Information).

Furthermore, the -V curves collected on CaF, show an unu-
sually steep current increase (see also Figure S11, Supporting
Information), which is very different to that observed in all
other materials. While in SiO,, TiO,, and h-BN the shape of the
I-V curves fits well the conventional direct tunneling or Fowler—
Nordheim tunneling conduction mechanisms (see Figure S12,
Supporting Information), the -V curves collected in CaF,
do not fit any known form of leakage current, and the steep
current increase seems to be more similar to the DB event.
This behavior has been further analyzed by repeating the exper-
iments using a logarithmic current-to-voltage preamplifier con-
nected to the CAFM tip, which allows measuring currents in a
very wide dynamic range from 10 pA to 1 mA.l"!8 As Figure 3
shows, all the I-V curves collected in SiO, exhibit leakage cur-
rent followed by a sharp current increase that triggers the DB
event. However, none of the I-V curves collected in CaF, exhibit
this behavior. For CaF, all the locations show a sudden current
increase from sub-noise level to currents > 1 pA. In order to
analyze if these currents correspond to the DB event, we have
collected -V curves using current limitations (CLs) of 1 nA,
10 nA, 100 nA, and 1 pA. As Figure S13 (Supporting Informa-
tion) shows, when small CLs are applied (1 and 10 nA) the back-
ward -V curves go back to the noise level before the voltage
goes back to zero, meaning that the DB event was not com-
pletely triggered (although partial CaF, degradation is obvious
because the forward and backward I-V curves do not overlap).
However, when larger CLs (100 nA and 1 pA) are applied, the
backward -V curves show an increase of current at low volt-
ages, indicating that the DB has been effectively triggered—one
should note that the current density (J) across the tip/sample
junction for CL = 100 nA is =10° A cm™2, considering a very
conservative contact area of =100 nm? (which in vacuum should
be even smaller).”?l Consequently, the initial steep current
increase detected at 6.56 + 0.21 V corresponds to the DB event,
and the current fluctuations detected after that are related to
post-DB phenomena, such as avalanche currents,?!! electromi-
gration,??l and dielectric-breakdown-induced epitaxy!?®l (DBIE).
The latter effect has been further confirmed by stopping the RVS
at 8 V, which triggers a clean DB without DBIE (see Figures S14
and S15, Supporting Information). These experiments demon-
strate that the leakage current across ultrathin CaF, before the
DB is much smaller than in SiO,, TiO,, and h-BN, as it cannot
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be detected by the tip of the CAFM. This behavior, which has
never been observed before in any other ultrathin dielectric, is
a very important property that can be exploited to improve the
reliability and time-dependent variability of electronic devices.

In addition, from Figure 3 the dielectric strength of both
CaF, and SiO, can be calculated dividing the DB voltage by
the thickness of each insulating material, resulting in values
of =278 £ 1.7 MV cm™ and 20.3 £ 0.9 MV cm™. It is worth
noting that the dielectric strength of the SiO, sample is con-
sistent with that previously observed in other industrial SiO,
samples,?l indicating the high quality of the thermal SiO, and
the validity of the characterization method employed. Note
that this value is higher than those previously reported for
TiO, (=3 MV cm™)®! and mechanically exfoliated h-BN
(=12.0 MV cm™) via CAFM.[?-281 Additional discussion about
the calculation and meaning of dielectric strength can be found
in Note S3 (Supporting Information). This observation further
indicates the extraordinary potential of ultrathin CaF, films to
serve as dielectric in nanoelectronic devices.

] CaF,

Current (A)

< 10°;
E
o
3 10°)
10-12‘?";71?:_ ' : :

0 2 4 6 8 10
Tip Bias (V)

Figure 3. Analysis of leakage current and dielectric strength in CaF, and
SiO,. I-V curves collected on the surface of =2.5 nm CaF, and =4.7 nm
SiO, samples by applying RVS from 0 to 10 V, using a logarithmic current-
to-voltage preamplifier. For CaF, and SiO; a total of 43 and 58 locations
have been analyzed. The dielectric strength of CaF, is 27.8 £ 1.7 MV cm™,
and the dielectric strength of SiO, is 20.3+ 0.9 MV cm™. The leakage
current across of the CaF, film is so low that it cannot be detected with
the CAFM.
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Future studies on CaF, dielectrics should include the charac-
terization of other intrinsic dielectric properties, such as capaci-
tance, dielectric constant, and time and frequency-dependent
stability. Furthermore, the synthesis of high-quality CaF, on
other substrates different than Si (111) may be necessary in
order facilitate its integration on 2D materials based solid-state
electronic devices. Finally, carrying out electrical reliability anal-
yses on test structures with areas similar to that of the channel
of state-of-the-art FETs would be very useful to further under-
stand the performance of CaF, at the device level. We are aware
that developing such studies in a statistical and reliable manner
would require substantial amount of work that would deserve
one/few independent publication/s, and for that reason such
tasks are out of the scope here.

In conclusion, we have demonstrated that ultrathin (=2.5 nm)
CaF, films show outstanding performance as dielectric when
exposed to electrical stresses. By applying RVS with the tip of a
CAFM at multiple locations, we have statistically demonstrated
that CaF, is more homogeneous and has a higher dielectric
strength (=278 MV cm™) than SiO, (=20.3 MV cm™), TiO,
(=3 MV cm™) and h-BN (=12.0 MV cm™), and that the leakage
current across CaF, is orders of magnitude smaller than in
nearly twice as thick SiO,. Cross-sectional high-resolution
TEM images demonstrate that the main reason behind this
enhanced dielectric performance is that the cubic crystalline
structure of the ultrathin CaF, film is continuous and defect-
free over large regions, which prevents the formation of electri-
cally weak spots.

Experimental Section

Calcium Fluoride Growth: Ultrathin CaF, layers were grown by MBE
on weakly doped single-crystal n-Si (111) substrates with Ny = 10" cm™
and a misorientation of 5-10 angular min. Before the growth process, a
protective oxide layer was formed after chemical treatment.?’ This layer
was removed by annealing for 2 min at 1200 °C under ultrahigh-vacuum
conditions (10%-107 Pa). This allowed to obtain an atomically clean
7 x 7 Si (1M) surface. The CaF, film was grown on this surface by MBE
at 250 °C, which is known to be the optimum temperature to produce
pinhole-free homogeneous CaF, layers.3% The deposition rate of CaF,
measured by a quartz oscillator was =1.3 nm min~". The growth processes
and crystalline quality of the CaF, layers were monitored using reflection
high-energy electron diffraction, with an electron energy of 15 keV.

Preparation of the SiO,, TiO, and h-BN Samples: The ultrathin SiO,
films with a thickness of =4.7 nm were grown by thermal oxidation of n*Si
(10 0) wafers with a resistivity of 0.002-0.003 Q c¢m at the laboratories of
Infineon Technologies. Note that this company has been growing SiO,
of outstanding quality (i.e., low amount of defects and ultraflat surface)
for more than 30 years. The =2 nm TiO; films were grown on n-type Si
wafers, with a resistivity ranging between 0.008 and 0.02 Q cm, using
a plasma-enhanced ALD system from Cambridge Nanotech. These
wafers had a 1.5 nm native oxide on top, leading to a =2 nm TiO,/1.5 nm
SiOy/n*Si structure. The Ti and O sources used were tetrakis(dimethyl
amido) titanium (Ti(NMe,),) and oxygen inductively coupled discharge,
respectively. The exposure time to Ti(NMe,), during one ALD cycle was
0.1 s, and the interval time between two exposures was 10 s, resulting
in a growth rate of 0.51 A per cycle. The =6 nm h-BN samples were
grown by CVD on Cu substrates at 1000 °C using ammonia borane as
precursor.fl The quality of these samples represented state-of-the art,
as confirmed by the low amount of defects detected via TEM and the
minimal thickness fluctuations proved by AFM. The =2 nm SiO, grown
by thermal oxidation on p-type Si (with Ny = 5 10'> cm~3), used only in
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Figure S10 (Supporting Information), was also grown at the laboratories
of Infineon Technologies.

Cross-Sectional High-Resolution TEM Characterization: In order to
protect the samples and provide a good contrast in the TEM image,
15 nm Cr was sputtered on the samples using a Gatan 682 precision
etching and coating system (PECS). Then, 2 um long thin lamellas were
cut with a focus ion beam from FEI (model: Helios Nanolab 450S) with
a power of 30 kV and current of 7.7 pA. After that, the lamellas were
placed on a copper grid and scanned with a high-resolution TEM (TITAN
Themis 200, FEI) in high vacuum (107 Pa). The chemical composition of
the samples was analyzed by EDX (model: Bruker super-EDS) and EELS
(model: Gatan) tools integrated in the TEM. For each sample, >56 high-
resolution TEM images at different locations were collected, and small
differences from one location to another were observed.

Nanoscale Topographic and Electrical Characterization: The surface
roughness and conductivity of all the samples were characterized at
the nanoscale using a NX-HighVac CAFM from Park Systems working
in high vacuum (107 Torr). In order to avoid tip degradation during the
experiments, solid Pt AFM tips from Rocky Mountain Nanotechnology
(model: RMN-25Pt300B) were used, which have a typical radius at their
apex of =20 nm and a constant force of =18 N m™. The measurements
were carried out by applying a contact force of =20 nN, which ensures
good electrical contact in vacuum and at the same time is enough
low to avoid pressure effects.’"32 All the samples were glued to the
AFM sample holder using conductive silver paint. RVS were applied at
different locations of the samples using the matrix tool integrated in the
software of the CAFM (see Figure S8, Supporting Information). Each
matrix of points measured was located >5 mm away from the previous
one, leading to a large-area characterization. The topographic and
current maps were collected in contact mode by applying the minimum
voltage required to observe current above the noise level. The voltages,
both in RVS and current maps, were applied to the CAFM tip (top
electrode) while keeping the substrate (bottom electrode) grounded.
The topographic maps aimed to evaluate the surface roughness were
always collected without applying any bias.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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