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ABSTRACT

Lithium fluoride (LiF) is an integral part of UV optics. Recently, it has also gained attention for its role in the solid-electrolyte interphase on
the anode of lithium-ion batteries. Atomic layer deposition (ALD) is the preferred tool for synthesizing conformal and pin-hole free LiF
thin films, especially on high aspect ratio structures. Present routes to deposit LiF by ALD are based on HF or HF-pyridine as the fluorine
source, requiring strict safety precautions. Other routes involve TiF, or WF, resulting in inclusions of Ti or W impurities in the resulting
films. Herein, we present a new route to deposit LiF by ALD, using lithium tert-butoxide (LiO'Bu) and NH,F as precursors. The process
yields uniform films over a broad temperature range (150-300 °C), with a growth per cycle of 50.9 pm/cycle (225 °C). The films are free
from any nitrogen contamination from the NH,F precursor. This process provides a facile route for high purity LiF thin films with the use

of less harmful precursor chemistry.

Published under license by AVS. https://doi.org/10.1116/6.0000314

I. INTRODUCTION

Lithium fluoride (LiF) is a large bandgap material with appli-
cations within bulk heterojunction polymers'™ and perovskite
photovoltaics,"® and is found in the solid electrolyte interphase
(SEI) in lithium-ion batteries.” A strategy to enhance battery per-
formance is to preform, and thus control, SEIs.” Preforming LiF
coatings as artificial SEIs has been shown to reduce Mn-dissolution
in manganite based cathodes and improve cycling stability on both
lithium metal and silicon anodes.” Among a range of viable tech-
niques for the deposition of LiF, atomic layer deposition (ALD)
excels as an ideal method for coating uniform, thin, and pinhole-
free LiF films for batteries and optics. ALD also provides the possi-
bility of conformal coatings of high aspect ratio substrates, an
essential feature for fabricating devices such as 3D batteries.'"™"*
ALD is already in use in the kiloton scale within the battery'” and
solar industries,'® although for the deposition of various oxides,
such as Al,O;. A handful of routes for deposition of LiF by ALD
has been reported and summarized in Table 1.

Using LiO'Bu and hexafluoroacetylacetone was also attempted
recently, but this yielded porous LiF-CF, hybrid films.” Several of
the established routes use either HF or HF-pyridine as the fluorine

source, requiring strict safety precautions. Moreover, using TiF, or
WPF; as the fluorine source leads to traces of Ti or W in the result-
ing films. Here, we extend the toolbox of ALD LiF-processes by
depositing phase pure, crystalline thin films, combining LiO'Bu
and NH,F, which was introduced as an ALD-precursor already
in 1994."

Il. EXPERIMENT

Thin films were deposited in an F-120 Sat ALD reactor (ASM
Microchemistry). LiO'Bu (Sigma Aldrich, 97%) and NH,F (Sigma
Aldrich, 99.99%) were used as precursors delivered from open
boats inside the reactor held at 130 and 95°C, respectively.
Pulsing/purging times were 5s/5s and 7s/3s for LiO'Bu and
NH,F, respectively. Standard pulsing and purging times are used
unless otherwise stated. N, was used as a purging gas, supplied
from gas cylinders (Praxair, 99.999%), passing through a Mykrolis
purifier and kept at a primary flow rate of 300 cm® min™". A back-
ground pressure of 4.5+ 1 mbar was maintained throughout all
depositions. Unless otherwise stated, 1000 ALD cycles are
employed for each of the depositions. The films were deposited on
1x1 cm? Si(100) substrates with a ~2 nm thick native oxide layer.
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TABLE I. List of reported ALD-processes used to deposit LiF and their key characteristics.

Li-source F- source GPC (pm per cycle) Deposition temperature (°C) Crystal structure Reference
LiO'Bu HEF-pyridine 88 at 150°C 150 Rock salt 22
LiHMDS HEF-pyridine 58 at 150 °C 125-250 Rock salt 18
Li(thd) TiF, 148 at 250 °C 250-350 Rock salt 24
LiHMDS Anhydrous HF 150 at 150 °C 100-250 n/a 25
LiO'Bu WFq n/a 150-300 n/a 26
LiO'Bu MoFg 260 at 150 °C 150-300 Rock salt above 150 °C 26
LiO'Bu TiF, 50 at 250 °C 200-300 Rock salt 9,27
LiO'Bu Hhfac n/a 220 n/a 9
LiO'Bu NH,F 55 at 250 °C 150-300 Rock salt This work

The substrates were cleaned with ethanol and blown dry with pres-
surized air prior to deposition. Growth dynamics were measured
in situ at 225°C by a quartz crystal microbalance (QCM) using
an Eon-LT monitor (Colnatec) and a self-made crystal holder.
An AT-cut gold-plated quartz crystal (Inficon SPC-1157-G1) with
a 6 MHz nominal frequency was used. The presented QCM data
show an average over 16 consecutive ALD cycles for improved sta-
tistics. The density of a LiF film was measured ex situ by x-ray
reflectivity (XRR), with the extracted density and thickness used for
converting the response of the QCM crystal to mass gain per unit
area of the film. A known LiF deposition sequence was added
several places in the QCM campaign as an internal standard to
accommodate for variations in surface texture, and thus evolution
of surface area of the QCM crystal during the campaign. A
PANalytical Empyrean diffractometer with a CuKa; source, a
parallel beam mirror with a 1/32° divergence slit, a 0.27° parallel
plate collimator, 0.04 rad soller slits, and an automatic nickel
attenuator was used for the XRR measurements. The XRR data
were modeled and analyzed using the accompanying X'Pert
Reflectivity software. The thickness and refractive indices at
A=632.8nm for the thin films were investigated with spectro-
scopic ellipsometry using an alpha-SE (J.A. Woollam). The col-
lected SE data were fitted successfully with a Cauchy model using
the CompleteEASE software.

LiF thin films were characterized with respect to composition,
crystal structure, and morphology. X-ray spectroscopy (XPS) was per-
formed with a Thermo Scientific Theta Probe Angle-Resolved XPS
system, equipped with a standard Al Ko source (hv=1486.6¢V).
Pass-energies of 200 and 60 eV were employed for survey scans and
detailed scans, respectively. The resulting data were treated using the
Thermo Scientific Avantage software suite. X-ray diffraction
(XRD) was carried out to investigate the crystal structure of the
obtained samples, using a Bruker D8 Discovery Diffractometer,
with a CuKa, source and a Ge(111) monochromator in a tradi-
tional Bragg-Brentano geometry.

Selected samples were measured by synchrotron XRD at
BMO1 at ESRF (Grenoble, France) for mapping a large portion of
the reciprocal space and characterizing the angular scattering distri-
bution of the LiF crystallites. The beamline employed a wavelength
of 0.697 05 A, and a Dectris Pilatus 2 M detector. Morphology was
investigated using a Park Systems XE-70 atomic force microscope
(AFM) with a CONTSCR tip in contact mode. It was further

investigated by a HITACHI SU 8230 scanning electron microscope
(SEM) with a cold cathode field emission gun using an acceleration
voltage of 5.0kV, a beam current of 5uA, and a working distance
of 3.3 mm.

lll. RESULTS AND DISCUSSION

The first step when establishing the LiO'Bu+ NH,F process
for the deposition of LiF by ALD, was to perform an in situ QCM
experiment to determine if the process is ALD compatible (ie.,
exhibiting saturative growth). The experiment was also used to
determine the mass gain per cycle, Fig. 1, and appropriate pulsing
and purging parameters, Fig. 2. Net mass gain per cycle was
10.5ng/cm” with a mass gain of 34.0 ng/cm” during the LiO'Bu
pulse and a mass loss of 23.5 ng/cm” during the NH,F pulse.

40F 7 .
—LiF LiO'Bu | NH,F
& [ stdev.
§ 30} 1
E’ Am,
~ 20 | "
= Am,
©
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»n 10f —
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=
0} 4
-20 0o 20 40
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FIG. 1. Mass variation (ng/cm?) during one cycle of LIOBu and NH,F at
225 °C as measured by in situ QCM. The QCM crystal was placed in the front
of the reaction chamber. The green area denotes the standard deviation of the
average of 16 cycles. Light gray shaded areas correspond to the inert gas
purging steps. All pulses and purges were 10s.
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FIG. 2. Mass gain vs pulse and purge parameters investigated by QCM for the
LIO'Bu + NH4F process. All other pulse and purge parameters where kept at
10's. The deposition temperature was 225 °C. Front and back refer to the place-
ment of the sample in the chamber over 7.5cm relative to the flow direction.
Spline functions are included as a guide for the eye.

We observe a significant mass gain during the LiO'Bu pulse,
followed by an almost as large mass reduction during the NH,F
pulse (Fig. 1). Mass gain per cycle is similar to that reported for
the LiHMDS + HE-pyridine process at 12ng/cm® at 150°C."
Suggested chemical reactions for the LiO'Bu and NH,F pulses are
summarized in Egs. (1) and (2). We have used NH,F as a more safely
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FIG. 3. Growth rate per cycle (left y axis) and refractive index at A =632.8 nm
(right y axis) as a function of deposition temperature for the LiOBu + NH,F
process, obtained with spectroscopic ellipsometry. Front, middle, and back refer
to the placement of the sample in the chamber over 7.5 cm relative to the flow
direction.
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FIG. 4. XPS survey scan of an LiF sample deposited at 225 °C.

manageable source for HF, as NH,4F is known to decompose into
NH; and HF upon sublimation. Therefore only HF is considered in
the proposed reaction scheme.'” * denotes surface species and it
should be further noted that LiF is a highly ionic structure where indi-
vidual charges are distributed over many neighboring atoms,

LiF*(s) + LiO'Bu(g) — Li-F-LiO'Bu*(s) Amj, 1)

Li-F-LiO'Bu*(s) + HF(g) — LiF*(s) + ‘BuOH(g) Amy. (2)

The net mass gain ratio from one cycle (Am;/Am,) is 1.45
(Fig. 1). This is in good agreement with the suggested reaction
mechanisms [Eqs. (1) and (2)], with a calculated net mass gain
ratio of 1.49. Future work, taking advantage of, e.g., in situ quadru-
pole mass spectrometry or similar techniques, could verify that tert-
butanol is indeed the only by-product of this reaction and also
detect NHj;.

The LiO'Bu pulse saturated after about 5, and this was used
as the pulsing time for LiO'Bu in further investigations (Fig. 2). A
2 s NH,F pulse should be sufficient (Fig. 2). In practice, however,

TABLE II. Composition of an LiF sample deposited at 225°C as measured by
XPS.

Compound Atomic %
Li 52.5
F 40.1
C 4.7
(@) 2.7

J. Vac. Sci. Technol. A 38(5) Sep/Oct 2020; doi: 10.1116/6.0000314 38, 050401-3

Published under license by AVS.


https://avs.scitation.org/journal/jva

JVST A

Journal of Vacuum Science & Technology A

Si(200) Expected (111)

— Deposited at 150 °C ” / }flzoo)
=
©
S 200 °C
>
x
2 —— 225 °C 1
(]
whd
E —— 250 °C l

—— 300 °C 1

10 15 2 25 3 35 40 45 50 55
20 (deg.)

FIG. 5. XRD of LiF thin films deposited at 150, 200, 225, 250, and 300 °C. The
(200 reflection from LiF and the Si(200) substrate reflection are marked.

this resulted in large gradients and a 7 s NH4F pulse was necessary
to obtain uniform films.

After establishing pulse and purge parameters for the LiF
process, growth per cycle (GPC) and refractive index were investi-
gated as a function of deposition temperature (Fig. 3). The GPC
gradually increases with temperature. We believe that the sample at
275°C follows an increasing trend, while the sample at 300 °C
shows deviations resembling initial decomposition or similar. We
have several samples deposited at 300 °C confirming the lowered
growth rate. The refractive index has a minimum at 250 °C but is
close to the reported value of 1.391 at 300 °C, although we see a
deviating GPC trend at this temperature.”” The growth rate of our
process is comparable to that of LiHMDS + HF-pyridine and

LETTER avs.scitation.org/journalljva

LiO'Bu + TiF, processes, but significantly lower than the rest,
where LiO‘Bu + MoF4 has the highest growth rate at 260 pm per
cycle. The low growth rate for our LiF process is not a limitation
for its use as surface coating of battery materials, as such films are
typically in the subnanometer to the nanometer scale.

Chemical composition and state were further characterized by
XPS. Quantification of lithium by XPS is inherently difficult, but a
high-resolution survey spectrum was collected to attempt an ele-
mental analysis (Fig. 4 and Table II). See supplementary material”’
for detailed XPS scans. The study points toward the formation of
LiF, with a slight over-stoichiometry of lithium. This can be
explained by the presence of carbon and oxygen, which is probably
present as Li,CO;. Using LiO'Bu is known to result in small
amounts of carbon contamination.”” However, since native SEIs
already consist of lithium carbonates,'® a small amount of Li,CO5
in the LiF coating is believed to be unproblematic for use in con-
trolling SEI formation. Some of the carbon and oxygen are also
believed to stem from —C=O0 surface species. It is worth noting
that that depth analysis is not applicable for lithium-containing
films since the etching ions tend to push lithium toward the
substrate-film interface. Also take notice that no nitrogen is
observed, consistent with the known decomposition of NH,F into
NH; and HF. Time-of-flight elastic recoil detection analysis could,
in the future, be used to obtain a depth profile and better under-
standing of the film composition (including hydrogen).

The crystallinity of the films was investigated by specular XRD
(Fig. 5), in addition to synchrotron XRD for reciprocal space
mapping, see supplementary material.”’ Specular XRD suggests
growth with preferred orientation, whereas the reciprocal space
map shows a large in-plane broadening. All investigated films have
a (200)-orientation throughout the deposited temperature range
(150-300 °C). The expected (111) reflection, which should have
around 75% of the intensity of the most intense (200)reflection
(COD No. 1831351), is absent. Expected reflections from LiF at a
higher 26 angle are masked by the Si(100) substrate reflection in
the investigated range.

Investigation of the surface morphology with SEM and AFM is
not in agreement with a fully oriented sample (Fig. 6). The micro-
graphs reveal a polycrystalline surface consisting of triangular and

40 nm

FIG. 6. SEM [(a), left] and AFM [(b), right] micrographs of a 53 nm thick LiF thin film deposited at 225 °C.
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square-shaped crystallites, with sizes around 50-100 nm. This is
comparable to the film thickness of 53 nm. The RMS roughness is
estimated at 6.2nm from the AFM micrograph. Triangular crystal-
lites correspond to a growth in the (111)-direction, whereas square
crystallites correspond to an increase in the (200)-direction.”

The lack of the (111)-reflection (Fig. 5) is most likely caused
by the low scattering power of LiF.

IV. CONCLUSION

In the current work, we show a viable route for deposition of
LiF by ALD using LiO'Bu and NH,F. This process is stable in the
temperature range of 150-300 °C, with a GPC of 50.9 pm/cycle and
a mass gain per cycle of 10.5ng/cm” cycle at 225°C. The films
are nitrogen-free as measured by XPS but with a possible slight
over-stoichiometry of Li and minor carbon contamination.
Although conventional Bragg-Brentano and synchrotron XRD
suggest (200)-oriented LiF films, both AFM and SEM studies
reveal square and triangular crystallites on the surface, indicating
random growth.
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