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Abstract

The effects of plasma reactants on the plasma-assisted atomic layer deposition (ALD) of lithium
phosphate are investigated in relation to the fabrication of high-quality lithium phosphorus
oxynitride (LiPON) thin films for the potential use as a solid-state electrolyte (SSE) in both
microbatteries and neuromorphic devices. Our ALD processes enable the incorporation of nitrogen
into a lithium phosphate matrix, using lithium fert-butoxide and tris(dimethylamino)phosphine as
the lithium and phosphorus precursors, respectively, in a deposition temperature window of 220-
300 °C. With O plasma, polycrystalline lithium phosphate films, with a relatively well-arranged
pyrophosphate, are deposited. Amorphous LiPON films, with a mixture of pyrophosphates and
orthophosphate, are obtained when Ar or NH3 plasma is used. When the NH; flow rate increases,
the nitrogen composition increases up to ~13%, while residual carbon is kept to below a few
percent. For a Li> sPO1.9Nog film deposited at 300 °C with NH3 plasma, the ionic conductivity is
measured as 1.65 £ 0.42 x 10° S/cm at 25 °C, with an activation energy of 0.66 €V. This
conductivity is the highest value of any ALD LiPON film reported to date. Our ALD processes
exhibit a high level of controllability of the molecular structures of the phosphorus oxynitride
matrix, with high ionic conductivity, which makes them suitable for realizing high-performance
Li SSE thin films.



1. Introduction

In the past few decades, research on lithium (Li) solid-state electrolyte (SSE) films has
expanded to include a broad range of applications. In battery applications, for example, Li SSE
films are used to make all-solid-state, thin-film ion batteries, which can potentially solve many
problems inherent in liquid electrolyte ion batteries, such as their flammability, limited voltage,
unstable electrolyte-electrode interface formation, and poor cycling performance [1] [2] [3].
Therefore, solid-state batteries are particularly attractive for safety-critical applications, such as
electric vehicles, aircraft power systems, human-integrated wearable devices, and implantable
electronic devices [4]. Further, increasing attraction has focused on applications for Li SSE films
to electrochemical ion-insertion devices, such as electrochromic windows, thermal transistors, and
electrochemical random-access memories (ECRAMs) [5]. In a typical ECRAM, the electronic
conductivity of a mixed ion-electron conductor channel in a transistor (or a mixed ion-electron
conductor layer in a two-terminal device) can be changed in an analog manner, based on
intercalation and de-intercalation of Li ions through an SSE layer under voltage or current bias [6]
[7] [8] [9] [10]. These analog switching devices are expected to be used as artificial synaptic
elements in future neuromorphic computing systems, which operated with high efficiency and low-
power consumption.

Lithium phosphorus oxynitride, called LiPON, is one of the most popular Li SSE materials,
because of its relatively high ionic conductivity up to 10 S/cm and improved stability to the
atmosphere, when compared to lithium phosphate. Various fabrication methods have been reported
for LiPON films, including radio-frequency (RF) reactive sputtering [11], pulsed laser deposition
[12], and metal-organic chemical vapor deposition (MOCVD) [13]. However, these techniques are
not suitable for the fabrication of uniform, pinhole-free, and conformal SSE thin films onto three-
dimensionally microbatteries and integrated device structures. In some methods, like MOCVD, a
high deposition temperature (500 °C) is required, which in turn degrades other constituent
materials or melts Li metal electrodes. Atomic layer deposition (ALD) is a promising technique
for fabricating Li SSE thin films, because it can accurately deposit controlled thickness, pinhole-
free, high uniformity SSE films with atomic-level precision on complex structures [14]. Kozen et
al. reported plasma-assisted ALD of LiPON using lithium tzert-butoxide (LiO'Bu) and
trimethylphosphate (TMP) as Li and phosphorus (P) precursors, respectively [15]. It was found
that water exposure after LiOtBu helps complete the reactions, resulting in a decrease in the
amount of residual carbon in the deposited films. The application of Nz plasma after TMP allowed
for the growth of LiPON with a nitrogen content of up to ~16%. Nisula et al. reported thermal
ALD of LiPON using lithium hexamethyldisilazide (LiHMDS) and diethyl phosphoramidate



(DEPA) as the alternative Li and P precursors [16]. The deposited films contained ~10% nitrogen,
and residual carbon of ~10% remained. Pearse et al. developed a LiOtBu - DEPA process to realize
the deposition of LiPON films with a composition close to the stoichiometric Li,PO,N [17]. Put
et al. reported the ALD of LiPON using LiO'Bu and TMP precursors with N> plasma [18]. They
demonstrated that the ionic conductivity increased by increasing plasma power and decreasing
deposition temperature. All these ALD LiPON films exhibited Li-ion conductivities of 5~6.6 x 10
7 S/em at 25 °C.

In 2019, we proposed a plasma-assisted ALD process of a magnesium phosphate film using
tris(ethylcyclopentadienyl)magnesium and tris(dimethylamino)phosphine (TDMAP) as the Mg
and P precursors [19] [20]. Since TDMAP contains nitrogen in its molecular structure, nitrogen
incorporation into the phosphate matrix was considered to be advantageous. However, when O»
plasma was used after TDMAP, nitrogen-free magnesium phosphate films were deposited. This is
believed to be because the nitrogen in TDMAP is completely removed by the O> plasma. To
overcome this problem, we subsequently developed a new ALD process for a magnesium
phosphorous oxynitride (MgPON), in which double N2 plasma processes are applied in each ALD
cycle [21]. The deposited film contained ~10% nitrogen, and exhibited an ionic conductivity of
1.2 x 10% S/cm at 500 °C, which is 7.5 times higher than that of the ALD magnesium phosphate
film. However, the MgPON film also contained more than 10% residual carbon, indicating that
incomplete chemical reactions take place in the ALD process. Therefore, it is necessary to develop
another process to effectively introduce nitrogen into the phosphate matrix with negligible
impurities. Shibata et al. reported a thermal ALD for the deposition of LiPON, based on the
nitriding of LiO'Bu by NH3 and the weak oxidation of TDMAP by O; [22]. The deposited film
showed increased ionic conductivity and a nitrogen content of several percent. However, the
growth was only possible at 400-500 °C, which is well above the thermal decomposition
temperature of LiO'Bu, putting in doubt the saturation behavior of this process.

Here, we report plasma-assisted ALD growth and various characterizations of lithium
phosphate and LiPON films using LiO'Bu and TDMAP precursors. In preliminary experiments, it
was found that nitrogen cannot be doped into lithium phosphate films when using O> plasma after
TDMAP, which is similar to the case for ALD magnesium phosphate processes. This is the
underlying motivation for the present study. To achieve the effective doping of nitrogen into the
phosphate matrix, the ALD process was carefully investigated using different plasma reactants (O»,
Ar, and NH3) at deposition temperatures ranging from 220 to 300 °C. We demonstrated how
plasma reactant and deposition temperature affect the molecular structure, chemical bonding states,
and transport properties of the deposited lithium phosphate and LiPON films. The ALD growth



mechanisms appropriate for obtaining high-performance Li SSE thin films are also discussed.

2. Experimental Section

Lithium phosphate and LiPON films were deposited on Si, SiO2-covered Si, Pt-coated Si, and
quartz substrates, where each substrate was used for a specific characterization method. The
substrates were cleaned by acetone and ethanol ultrasonication, followed by plasma ashing in O
atmosphere to remove any remaining contaminant species. The substrates were then introduced
into an ALD system (SPLEAD Co. Ltd.), in which the base pressure was less than 10 Pa, and a
process pressure of 30 Pa was maintained via an Ar carrier gas flow with 40 sccm. The deposition
chamber is schematically illustrated in Figure la. The films were deposited at deposition
temperatures Tq, ranging from 220 to 300 °C, using LiO'Bu and TDMAP (Japan Advanced
Chemicals Ltd.) as the Li and P precursor sources, respectively. These precursors were delivered
to the deposition chamber via a 10 sccm Ar carrier gas flow. Oz, Ar, and NH; plasma reactants
were produced with the direct plasma configuration, where a 13.56 MHz RF voltage was applied
to a showerhead irradiating uniform precursor (oxidant H>O) and plasma reactant gases to the
substrates. To ensure that only radicals reached the substrate surface, an additional RF voltage, at
800 kHz, was applied to the sample stage in synchronization with the plasma processes, as
illustrated in Figure 1a. All gas flow rates were controlled by mass flow controllers.

We developed ALD processes based on alternative lithium oxide and phosphate (phosphorus
oxynitride) sub-cycles. Figure 1b depicts the time sequence of our ALD processes with different
plasma reactants. Each cycle started from a 5 s LiO'Bu pulse followed by a 1 s H>O pulse to form
lithium oxide. After that, a 1 s TDMAP pulse is introduced and 1 s plasma pulse with different
reactant gasses is applied to make phosphate or phosphorus oxynitride, with application of RF
powers of 30 W to the showerhead and 10 W to the sample stage. The purge time was set at 15 s
after each pulse.

To evaluate the growth rate, the thickness of films deposited on SiO2-covered Si substrates
was measured using an optical thickness meter (Otsuka Electronics OPTM-F1) in a wavelength
region of from 230 to 800 nm. The crystallinity and density of the films deposited on quartz and
Si substrates was measured by X-ray diffraction (XRD) and X-ray reflectivity (XRR), respectively,
using a Rigaku SmartLab. The film density was estimated from the fitting of XRR curves to
theoretical curves, calculated based on a multi-layer model. The morphology of the films deposited
on Si substrates were evaluated by atomic force microscopy (AFM) using a Seiko Instruments
Nano Navi E-sweep. The chemical bonding state and composition of the films deposited on Si

substrates were analyzed by Hard X-ray photoelectron spectroscopy (HAXPES) using an Ulvac



PHI Quantes. Survey and high-resolution core-level spectra were collected using a monochromatic
Cr Ka X-ray source. An energy of C 1s peak (284.6 eV) was used for binding energy calibration.
Fourier transform infrared spectroscopy (FTIR) measurements were carried out to analyze the
chemical bonding state of the films deposited on 100-nm thick Pt coated Si substrates, in an
attenuated total reflectance mode, using a Thermo Fisher Scientific iS5 in a wavenumber region

of 500-4000 cm™!, with a 2 cm! resolution.
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Figure 1. (a) Schematic of the ALD system used in this study. The pressure during deposition is
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controlled by a pressure control valve (PCV). All gas flow rates were controlled by mass flow
controllers (MFCs). Two RF generators were used for producing plasma reactants and ensuring
that only radicals reached the substrate surface. (b) Time sequence of one ALD cycle with different
plasma reactants.

The transport characteristics were evaluated by electrochemical impedance spectroscopy (EIS)
using a Solartron 1260 analyzer, equipped with a 1296 dielectric interface, in a frequency range of
from 1 MHz to 0.1 Hz, with an AC amplitude of 5 mV and current-time (/-f) measurements using
a Keysight B2900. For this measurement, cross-point structured impedance cells with Au
electrodes were fabricated on quartz substrates, with a junction area ranging from 0.1 x 0.1 to 2 x
2 mm? First, 5-nm thick Ti and 50-nm thick Au were deposited, by electron-beam (EB)
evaporation, as the adhesion layer and the bottom electrode. Then, a 50~70 nm thick lithium
phosphate or LiPON film was deposited on the Au bottom electrode by ALD. Finally, 50-nm thick
Au was EB deposited as the top electrode. The cells were not exposed to air after the ALD
deposition, so as to avoid oxidation and contamination of the ALD grown films. The EIS

measurements were carried out in an Ar filled glovebox, with < 0.2 ppm of O; at a pressure of 7.5
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x 10%Pa. During the measurements, the substrate temperature Ts was controlled from 25 to 65 °C,

in increments of 10 °C.

3. Results and Discussion

The growth behaviors of films deposited on SiO2/Si substrates by ALD processes with
different plasma reactants are summarized in Figure 2. Here, Ar plasma is taken to mean that the
RF voltage was applied in an Ar atmosphere without additional reactant gases, as illustrated in
Figure 1b. Figure 2a and 2d show the growth rate (growth-per-cycle) plotted as a function of the
LiO'Bu pulse time up to 6 s, with Oz and Ar plasma reactants, respectively, evaluated for Tq of
300 °C. For both plasma reactants, the growth rate increased with the pulse time and became almost
constant after 5 s, indicating a self-limiting behavior. The growth rate increased to ~0.75 A/cycle
for O plasma, similar to that observed for lithium phosphate films deposited by thermal ALD
processes using LiO'Bu and TMP [23]. In contrast, with Ar plasma, the growth rate considerably
increased to ~1.8 A/cycle, which is more than two times higher than with O, plasma. From these
results, we set the LiO'Bu pulse time to 5 s for all the depositions. Figure 2b and 2e plot the film
thickness as a function of the number of ALD cycles up to 400 cycles, with Oz and Ar plasma,
respectively, for Tq of 300 °C. It is clearly seen that film thickness is linearly proportional to the
number of ALD cycles. Figure 2c and 2f show the Tq dependence of the growth rate of the films
deposited with Oz and Ar plasma, respectively. They exhibited the opposite tendency with Tq: the
growth rate with O plasma increased with a decrease of T4, whereas the growth rate with Ar
plasma decreased. The Tq dependence with Ar plasma is similar to that of thermal ALD lithium
phosphate films using LiO'Bu and TMP [24]. Figure 2g plots the growth rate with NH3 plasma as
a function of the flow rate of NH3 gas for Tq of 300 °C, showing a slight increase up to 20 sccm.
The film deposited with NH3 plasma also exhibited linear thickness dependent on the number of
ALD cycles, as shown in Figure 2h, which is similar to other plasma reactants. However, the Tq
dependence of the growth rate was significantly different from that with Ar plasma. The growth
rate increased slightly with a decrease of Tq, reaching ~2 A/s at 220 °C, as shown in Figure 2i.
This suggests that the growth mechanism is significantly altered when NH3 plasma is introduced.
Note that the growth rate also did not change with the pulse times of both H,O and TDMAP, as
shown in Figure S1 of Supporting Information, which indicates the self-limiting behavior of all

the ALD processes.
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Figure 2. Growth behaviors of films deposited with different plasma reactants. (a)-(f) Growth rates
versus LiO'Bu pulse time, film thickness versus number of ALD cycles, and growth rate versus T,
measured with O and Ar plasma, respectively. (g)-(i) Growth rate versus NHs flow rate, film
thickness versus number of ALD cycles, and growth rate versus Tq, measured with NH3 plasma.
The solid curves are a guide for the eye.

The effects of plasma reactants on the crystallinity and surface morphology were examined
by XRD and AFM measurements. For these measurements, films deposited at 220 and 300 °C for
300 cycles were prepared. The NH3 flow rate was set at 20 sccm for NH3 plasma. The blue curve
of Figure 3a represents an XRD pattern of a film deposited at 220 °C with O, plasma. The films
were polycrystalline in nature, with diffraction peaks at 23.5° and 25°, with small peaks at 34° and
37°; these are attributed to the (101), (011), (210)/(020), and (002) planes of lithium phosphate,
respectively [25]. Similar diffraction peaks were observed for lithium phosphate films deposited
by thermal ALD processes using LiO'Bu and TMP [15]. The film deposited at 300 °C was likely
to be more crystallized, evidenced by slightly developed peaks at 34° and 37° in the red curve. In



contrast, films deposited with Ar and NH3 plasma did not show any crystalline peaks for either
deposition temperatures, as shown in Figure 3b and 3c. This suggests that Ar and NH3 plasma
produce amorphous films for all the deposition temperatures examined.

Figure 3d shows an AFM image of film deposited at 220 °C with O, plasma, measured in a
non-contact mode using a Si cantilever. The film showed surface morphology of randomly piled-
up of crystal grains, each with a size of more than several tens of a nanometer. The root mean
square (RMS) was estimated to be 1.15 nm. The grain sizes became larger for film deposited at
300 °C, as shown in Figure 3g. The RMS was estimated to be 2.09 nm, indicating that the film
surface becomes rougher at higher deposition temperatures. This is consistent with the XRD result,
which showed that the film was more crystalline at higher deposition temperatures. With Ar
plasma, the surface roughness was significantly reduced, as shown in Figure 3e and 3h. The RMS
was estimated to be ~0.35 nm for both deposition temperatures. The AFM images still show
granular features, but their size decreased to 10 - 20 nm. With NH3 plasma, the film surface became
flat and the RMS was further reduced to ~0.2 nm for both deposition temperatures, as seen in
Figure 3f and 31, which is typical morphology for an amorphous film. These results indicate that
the crystallinity and surface morphology depend strongly on the plasma reactant and slightly on
the deposition temperature. Of the plasma reactants examined, NH; plasma alone resulted in
smooth and uniform film surfaces.

HAXPES is a powerful tool for evaluating the chemical bonding state of films that are several
to ten times deeper than conventional XPS, due to the high-energy X-ray excitation. According to
the photoelectron detection intensity curve, assuming a homogeneous Li oxide layer, as calculated
by Fantin et al., the sampling depth at which the intensity is measured is estimated to be ~20 nm
for our measurement configuration (with a 90° sample tilt angle) [26]. Figure 4a represents survey
spectra measured for as-deposited films with three plasma reactants at Tq of 300 °C. It was not
possible to avoid oxidation and carbonization of the film surface, even though the films were only
exposed to air for a short period of time (less than 1 min.) when being transferred from the ALD
system to the XPS apparatus. Peaks were observed at binding energies of ~530, ~284, ~133, ~55
eV for the film deposited with O plasma, which are assigned to O 1s, C 1s, P 2p, and Li 1s, of
lithium phosphate, respectively [23]. In addition to these peaks, a peak attributed to N 1s appeared
at ~398 eV for the films deposited with Ar and NH3 plasma, which indicates the existence of
nitrogen doped in the lithium phosphate, and which corresponds to the formation of LiPON.
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Figure 4b-4g show high-resolution core-level spectra of O 1s and N 1s for different plasma
reactants. When nitrogen is substituted for oxygen sites in lithium phosphate, nitrogen breaks P-O
and Li-O bonds and replaces the bridging oxygen (BO) bonds in P-O-P bonds and the non-bridging
oxygen (NBO) in Li-O-P and P=0 bonds, forming doubly-bound nitrogen (P=N-P) and triply-
bound nitrogen (P-N<P»), respectively [27]. The O 1s and N 1s spectra were found to contain two
peaks, each with a small peak on the high-binding energy side of the main peak. The O 1s peak
can be deconvoluted into two peaks located at 533.2 and 531.8 eV, as shown in Figure 5b-5d.
These peaks are attributed to the BO and NBO respectively [28]. The film deposited with O
plasma did not show any nitrogen-related peaks, indicating that TDMAP was completely oxidized
by O plasma and lithium phosphate is formed. On the other hand, the films deposited with Ar and
NH;3 plasma exhibited a N 1s peak, which can be deconvoluted into two peaks located at 398.6 and
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397.1 eV, as shown in Figure 4e-4g. The peak on the low-binding energy side corresponds to the
doubly-bound nitrogen, and the other peak is assigned to the triply-bound nitrogen. The N 1s peaks
developed with increasing NH3 flow rate, whereas the O 1s peaks reduced. The O 1s spectra
evidence a low amount of BO in the phosphorus oxynitride matrix (< 10%). The N 1s spectra
indicate that nitrogen is mainly doubly bonded and is related to the formation of bridges between
phosphate units.

The high-resolution core-level spectra of P 2p and Li 1s are shown in Figure S3 of Supporting
Information. Both spectra show a single peak at 132.9 and 54.9 eV respectively, which is
agreement with values previously observed for sputtered LiPON [29] and ALD LiPON [15] [17]
films. The P 2p peak was not fitted to identify the spin orbit splitting of the 2p orbital, but it showed
symmetric profiles. There was no obvious shift of these Li 1s and P 2p peaks with different plasma,
which indicates a single chemical environment for these elements regardless of the plasma

reactants used.
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Figure 4. HAXPES results measured for as-deposited ALD films deposited at 300 °C with
different plasma. (a) Survey spectra. (b-g) High-resolution core-level spectra of O Is and N 1s
(rows) for different plasma reactants (columns). Spectra are deconvoluted into multicomponent
peaks.

The chemical bonding states in the deposited films were also be examined by FTIR
spectroscopy. Figure 5 shows FTIR spectra for films deposited on Pt/Si substrates, with the
respective plasma reactants at Tq of 300 and 220 °C respectively. With Oz plasma, a large and sharp
peak was observed at 1130 cm™! for both deposition temperatures, as seen in Figure 5a. This peak
is attributed to the symmetric stretching vibration (va) of PO3* ions in the pyrophosphate (LisP207)
[30]. The pyrophosphate is based on phosphate dimers, where two phosphate groups share a BO
[31]. In addition, two peaks were observed at 532 and 624 cm™!, which peaks are associated with
the characteristic vibrational mode (v) of Li-O bonds and the bending vibration (3) of O-P-O bonds,
respectively [32] [33]. A small peak appeared at ~950 cm!, corresponding to the asymmetric
stretching vibration (vas) of P-O-P bonds [31]. The films also exhibited small peaks at around 1455
cm’!, which peaks are related to vas of CO3?* (carbonate) ions [34]. This indicates that lithium
carbonate (Li2CO3) was formed, probably due to exposure in air during the film’s transportation
from the ALD system prior to FTIR measurements. The spectral shape did not change with
deposition temperature variation.

With Ar plasma, the deposited films exhibited a broad peak at 1130 cm™!, with a shoulder on
the high wavenumber side, as shown in Figure 5b. The shoulder looks to be located at around
~1190 cm!, which position is outside of the spectral range (1200-1300 cm!) expected for vas of
POy ions in the metaphosphate [32] [33]. Carrillo Solano et al. have investigated how specific
structural units of LiIPON are detected with X-ray photoemission and infrared spectroscopies [31].
Although the peak at ~1190 cm™! was slightly higher than the position (1150 cm™) observed for
them, it can be assigned to vs of N-P-O bonds involving in the bridging of nitrogen. The appearance
of this peak indicates the incorporation of nitrogen into the phosphate matrix, which is consistent
with the HAXPES result. The spectral shape did not change with deposition temperature variation,
although the relative intensity between the peaks of POs* ions and N-P-O bonds changed slightly.
When NH3 was used, the presence of such bridging nitrogen was enhanced. The film deposited at
300 °C showed that the peak intensity of N-P-O bonds becomes higher than that of PO3* ions with
an increase of NH3 flow rate, as seen in Figure 5c. At a NH; flow rate of 20 sccm, a small peak
also appeared at ~850 cm™'. Du and Holzwarth have computed the molecular structure and related
vibrational spectra of various LiPON compositions [35]. According to their calculations, a peak at
850 cm! is attributed to vas of P-N-P bridges in a chain structure with a -P-N-P-N- backbone,

11



which also evidences the incorporation of nitrogen into the phosphate matrix. A similar peak was
observed in MOCVD LiPON films [13] and ALD MgPON films deposited with N> plasma [21].
The peak around 550 cm™! from Li-O bonds was significantly broadened, which is probably due
to changes introduced in the chemical environment around Li ions due to nitrogen incorporation.
Note that no absorption peak related to carbonate ions was observed in the films deposited with
Ar and NH3 plasma, contrary to the films deposited with O plasma. This suggests the improved
stability under atmospheric conditions for films deposited with Ar and NH; plasma. Figure S2 of
Supporting Information shows an FTIR spectrum of the film deposited at 220 °C with NH3 plasma.
The spectral feature is almost the same as that of the film deposited at 300 °C, indicating that the
chemical bonding state is independent of the deposition temperature. A small ‘shoulder’ was
always observed at 1020 cm™!, which corresponds to vas of PO4* ions [31]. This implies the

presence of a small amount of orthophosphate for all plasma processes.
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Figure 5. FTIR spectra measured for films with (a) O plasma and (b) Ar plasma, deposited at 300
and 220 °C, and (c) films with NH3 plasma for different NH3 flow rates, deposited at 300 °C.

From HAXPES quantifications, the elemental composition of the films deposited at 300 °C
with different plasma reactants were calculated, and the results are summarized in Table 1. The
uncertainty in determining the atomic composition is estimated to be less than £0.5%. The ALD
process with Oz plasma produced Li33POs4, which composition is more slightly Li rich and O
deficient than the stoichiometric lithium phosphate (LizPOs). The process with Ar plasma resulted
in an already nitrogen-contained lithium phosphate film, that is LiPON. The elemental
composition was estimated to be Li2sPO29No2. At increased NH3 flow rates, the composition of
nitrogen increased, while that of oxygen decreased. At an NH3 flow rate of 20 sccm, the film
exhibited a composition of Li> sLiPO19Nos, the Li content of which is 25% higher than found in
the stoichiometric pyrophosphate LiPON (Li,PO,N). This higher Li content can be explained by
a mixture of pyrophosphate and orthophosphate (LisP2OsNz) [31]. There was a small amount (less
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than a few %) of carbon in the deposited films, which showed that the employed processes can
greatly reduce residual carbon as compared to thermal ALD LiPON film [16]. The elemental
composition of films deposited at 220 °C are summarized in Table S-I of Supporting Information.
The composition did not change significantly with decreased deposition temperatures, although
there was a slight increase in the amount of residual carbon (up to 4.6%), particularly for NH3
plasma processes. This suggests that incomplete chemical reactions may occur during the ALD
process with plasma at higher NH; flow rates, which is significant for lower deposition
temperatures. Further research is needed to elucidate the effect of higher NHs flow rates on

chemical reactions and the resultant composition.

Table I Elemental composition of films deposited at 300 °C with different plasma reactants,
determined by HAXPES

Atomic composition (%) Composition relative to P
Plasma reactant
Li P o N C excluding C
02 42.6 13.0 43.0 0 1.4 Liz3POs4
Ar 39.5 14.4 41.3 2.8 2.0 Li2sPO29No2
NH;3 (20 scecm) 39.3 15.6 28.9 13.2 3.0 Li25PO1.9Nos

Figure 6 plots the nitrogen composition as a function of the NH3 flow rate for the LiPON films
deposited at 300 °C, which were evaluated from HAXPES analyses. Note that the flow rate of 0
sccm corresponds to the film deposited with Ar plasma. With increasing NHs flow rate, the
nitrogen composition increased and then asymptotically approached ~13% up to 20 sccm. This
result indicates that the NH3 plasma processes starting from Ar plasma could deposit LiPON films
with a controlled nitrogen composition. If the NH3 flow rate was further increased, the nitrogen
composition saturated at the 13 % level. Hence, such nitrogen content is considered the maximum
composition possible using current ALD processes. Note that if even a small amount of O gas
was introduced with NH3 plasma, nitrogen cannot be doped into the phosphate matrix at all. This
means that TDMAP is highly oxidizable and thus no Oz plasma is needed to form the phosphorus

oxynitride matrix.
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Figure 6. Nitrogen Composition plotted as a function of NH; flow rate, evaluated from HAXPES
analyses for films deposited at 300 °C with Ar and NH; plasma. The solid curve is a guide for the
eye.

The electrical conductivity of the lithium phosphate and LiPON films deposited with different
plasma reactants was evaluated by EIS and /- measurements. Figure 7a plots EIS data measured
at 25 °C for lithium phosphate and LiPON films deposited at 300 °C with O plasma (open squares)
and Ar plasma (open circles), respectively. The EIS data consist of an intercept on the real axis at
high frequency, two semicircles at the medium frequency range, and a vertical response coming
from the electrode polarization due to the ionic blocking contact. Such features are typically
representative of ionic conductors, if the measurement is applied for an ionic conductor in an open
circuit with ion blocking electrodes. Although the EIS data is likely to show a single semicircle,
the analysis indicated that they are actually composed of two semicircles. We see that the
semicircle of the LiPON film deposited with Ar plasma became smaller by more than one order of
magnitude, compared to the lithium phosphate film deposited with O, plasma. Figure 7a also
displays curves fitted to the EIS data, based on an equivalent circuit model, as shown in the inset.
The model consists of four series components; one contact ohmic resistance (R,), which was
attributed to the high-frequency limiting resistance of the electrode, two parallel resistors and
constant-phase elements (CPE) in the middle frequency range, with one (Rp and CPEg)
corresponding to the bulk of the lithium phosphate or LiPON film and the other (R; and CPEy)
corresponding to the resistive reaction layer between the deposited film and the Au electrode, and
finally a single CPE (CPEpiock) corresponding to electrode polarization in the low-frequency region.
The last component can be attributed to the formation of an electrochemical double layer at both
electrode interfaces [36].

Figure 7b shows EIS data with fitting curves, measured at 25 °C, for LiPON films deposited
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at 300 °C with NH3 plasma of different NH3 flow rates. The semicircle became smaller with an
increased NH3 flow rate, suggesting that the conductivity increased with increased NH; flow rates
and thus with increased nitrogen compositions. The ionic conductivity o of the measured films
was simply calculated by substituting the bulk resistance into the equation: o = d/(ARg), where d
is the thickness of the deposited film, and A4 is the geometric junction area of the impedance cell.
The Arrhenius plot of the ionic conductivity, calculated for films deposited with different plasma
reactants, is plotted in Figure 7c. The lithium phosphate film deposited with Oz plasma exhibited
an ionic conductivity of 1.75 £ 0.52 x 10 S/m at 25 °C, which increased to 1.16 0.3 x 107 S/cm
at 65 °C. This conductance level is similar to the previously reported values of ALD lithium
phosphate films [18] [23]. If Ar plasma was used, the ionic conductivity significantly increased to
1.34 + 0.43 x 107 S/cm at Ts of 25 °C, which is two orders of magnitude higher than that of the
lithium phosphate film deposited with O plasma. The ionic conductivity increased to 2.95 + 1.18
x 10 S/cm at 65 °C. This conductivity level is slightly higher than that of thermal ALD films,
with a similar nitrogen content, deposited using LuO'Bu and TMP [15]. When NH3 plasma was
used with an NH3 flow rate of 20 sccm, corresponding to the nitrogen composition of 13.2 %, the
ionic conductivity further increased to 1.65 + 0.42 x 10® S/cm at 25 °C, which is one order of
magnitude higher than that of the film deposited with Ar plasma. This value is the highest
conductivity of all ALD LiPON films reported to date. As Ts increased to 65 °C, the ionic
conductivity was increased to 3.21 + 0.56 x 10~ S/cm. The activation energies (E,) for the ionic
conductivity were also evaluated by using the Arrhenius equation: o7 = B exp [-E./(ksT)], where
B is a pre-exponential factor, 7 is the absolute temperature, and ks is the Boltzmann's constant.
From linearly fitting to the experimental data, the £, was estimated to be 0.91 eV for the lithium
phosphate film deposited with O2 plasma and 0.66 eV for the LiPON films with Ar and NH3 plasma,
as shown in Figure 7c. These values are somewhat higher than the values reported for other ALD
lithium phosphate films (0.51 eV) [23] and slightly higher than the values for other LiPON films
(0.55 eV) [16] respectively.

Figure 7d plots the ionic conductivity as a function of the nitrogen composition, evaluated at
25 °C, for LiPON films deposited at 300 °C with Ar and NH; plasma. There is an exponentially
increasing relationship of the ionic conductivity with the nitrogen composition. The electronic
conductivity was evaluated at 25 °C by measuring an /-f response curve under an application of a
constant 1 V bias to an impedance cell with a 70 nm-thick LiPON film. The result is shown in
Figure 7e. The measured current rapidly decayed to 0.1 nA within one minute and then gradually
decreased over time. This gives rise to an electronic conductivity (ce) of < 2.0 x 10°'? S/cm, which

is nearly six orders of magnitude lower than the ionic conductivity. Thus, we conclude that LIPON
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film deposited with NH3 plasma is a highly ionic conductor and an electronically insulating
electrolyte. As the deposition temperature was decreased to 220 °C, the ionic conductivity of the
LiPON film deposited with NH3 plasma decreased by a half to one third, and the Ea slightly
increased to 0.73 eV, as shown in Figure 7f. The nitrogen composition estimated by HAXPES
remained almost unchanged for Tq of 300 and 220 °C (see table I and S-I), but the ionic
conductivity apparently decreased with decreasing deposition temperature. In contrast, lithium
phosphate and LiPON films deposited with Oz and Ar plasma exhibited similar o and E, values
for T4 of both 300 and 220 °C, as shown in Figure S4 of Supporting Information. This indicates
that the temperature effect of NH3 plasma on ionic conductivity is somewhat different from those

of Oz and Ar plasma.
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Figure 7. (a) EIS plots measured at 25 °C for Au/LiPON/Au impedance cells with films deposited
at 300 °C with Oz plasma (open squares) and Ar plasma (open circles), with fitting curves based
on the equivalent circuit model as illustrated in the inset. (b) EIS plots measured for cells with
films deposited with NH; plasma of different NH; flow rates, with fitting curves. (c) Arrhenius
plots of the ionic conductivity for films deposited at 300 °C with three plasma reactants. The solid
lines are fitted to the experimental data using the Arrhenius equation. (d) Ionic conductivity plotted
as a function of nitrogen composition. (e) /-¢ response measured for an impedance cell under a 1
V constant bias, showing the low electronic conductivity of an LiPON film deposited with NH3
plasma. (f) Ionic conductivity plotted as a function of deposition temperature, measured for LIPON
films deposited with NH3 plasma. The inset shows an Arrhenius plot for a film deposited at 220 °C.

16



In general, phosphate glass (P20s) consists of PO4 tetrahedra connected through P-O-P bonds,
resulting in a polymeric structure [37]. The POy tetrahedra are accompanied with their adjacent
counterparts by three vertices corresponding to P-O” bonds, while the remaining vertex is occupied
by a P=0 bond [38] [39]. As a result, the main structure of the phosphate is composed of BO in P-
O-P bonds. If Li atoms are added to this phosphate structure, the structure is de-polymerized by
converting the BO to NBO of Li-O-P bonds [40]. The transport of Li ions in this glass structure is
considered to originate from thermally activated hopping between NBOs [41] [42]. Such a
transport mechanism is mainly attributed to the diffusion of mobile ions through potential minima
in the glassy network. The results of XRD and FTIR indicate that films with O> plasma formed a
relatively well-arranged pyrophosphate, interconnected by Li-O-P and P-O-P chains. On the other
hand, films with Ar or NH3 plasma exhibited an amorphous phosphorus oxynitride consisting of a
disordered mixture of pyrophosphates and orthophosphates. Such matrix can create more space in
the phosphorus oxynitride network, which acts as conduction pathways for Li ions. Therefore, the
higher conductivity observed for LiPON films deposited with NH; plasma is attributed to the
enhanced hopping conduction of Li ions in a less dense phosphorus oxynitride matrix. The higher
Li content may also contribute to the high ionic conductivity [31].

To confirm our hypothesis, XRR measurements were performed to determine the density of
films deposited at 300 and 220 °C, with three plasma reactants. The measured XRR curves were
fitted with theoretical curves calculated using a multi-layer model, as shown in Figure S5 of
Supporting Information. The results are summarized in Figure 8. With O plasma, the densities
were estimated to be 2.15 and 2.18 g/cm? for the lithium phosphate films deposited at 300 and
220 °C, respectively. These values are 15% lower than the theoretical value (2.54 g/cm?) of a
crystalline Li3PO4 structure. The similar density values for both deposition temperatures are
consistent with the similar FTIR spectra of Figure 4a. Therefore, films deposited at the two
deposition temperatures both exhibited similar conductivity values, as shown in Figure S3a. When
Ar plasma was used, the density decreased to 1.92 and 2.0 g/cm? for the LiPON films deposited at
300 and 220 °C, respectively. The smaller density at 220 °C may be associated with the
development of N-P-O bonds, as seen in Figure 4b. The phosphate matrix is changed to phosphorus
oxynitride with a mixture of two phosphates with a slightly lowered density. The ionic conductivity
increased significantly when even a small amount (< 3%) of nitrogen was incorporated, but no
difference was observed in the deposition temperature range examined, as shown in Figure S3b.
When NH3 plasma was used, considerable nitrogen was incorporated into the phosphorus

oxynitride, with a further decreased density. At Tq of 300 °C, the film density was 1.81 g/cm’,
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which is 17% lower than that of lithium phosphate films deposited with Oz plasma. The phosphorus
oxynitride matrix becomes more disordered, which enhances the conductivity of Li ions. The
density (1.95 g/cm?) at T4 of 220 °C was found to be somewhat higher than the density at 300 °C.
The denser phosphorus oxynitride may result in lower ionic conductivity, as show in Figure 7f.
Thus, the change in density accounts for the origin of the high ionic conductivity of ALD LiPON

films.
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Figure 8. Density of lithium phosphate and LiPON films deposited at 300 and 220 °C with
different plasma reactants, evaluated from XRR measurements. The insets illustrate the molecular
structures of lithium phosphate (left) and LiPON (right) films.

Finally, we inferred the growth mechanism of our ALD lithium phosphate and LiPON films
from the obtained results. Figure 9 shows schematic illustration of the proposed scheme with
different plasma reactants for the first ALD cycle. The processes start from the termination with
hydroxyl (-OH) groups on the substrate surface by the initial H>O pulse (Figure 9a). Then, a
LiOtBu pulse is introduced to form Li-O units on the surface (Figure 9b). After that, Another H.O
pulse is introduced to loosely bond to the Li-O units. (Figure 9c). Up to this point, the process
corresponds to the first half of the process; the Li-O sub-cycle. The latter process consists of a
phosphate or phosphorus oxynitride sub-cycle, depending on the plasma reactant. A subsequent
TDMAP pulse causes the reaction of TDMAP and H>O to lead to termination with dimethylamino
phosphate ligands (Figure 9d). When O; plasma is used, the dimethylamino phosphate ligands are
completely removed and the phosphate matrix becomes denser, which leads to cross-linking of the
phosphorus atoms. P-O-P and O=P-O bonds are formed, resulting in the formation of
polycrystalline pyrophosphates (Figure 9¢). Because of the higher densities, the growth rate lowers
for lithium phosphate films with O, plasma (Figure 2¢). Li is bound to some oxygen atoms of the
phosphate tetrahedra. When Ar plasma is used, nitrogen is incorporated from the dimethylamino

phosphate ligands into some of the cross-linking phosphate network, and nitrogen atoms are
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mainly double bonded to form bridges between phosphate tetrahedra. The phosphate matrix
becomes phosphorus oxynitride, with an amorphous nature, resulting from a disordered mixture
of pyrophosphate and orthophosphate (Figure 9f). Because of the reduced density, the growth rate
of LiPON films with Ar plasma considerably increases (Figure 2f), which is advantageous for
shortening the deposition time. Finally, when NH3 plasma is used, lots of nitrogen atoms are
incorporated into the cross-linking phosphorus oxynitride network, increasing the number of
doubly- and triply-bound nitrogen atoms (Figure 9g). The phosphorus oxynitride matrix is even
more disordered and the film density is further decreased. As a consequence, the growth rate
increases further with NH3 plasma (Figure 21). After the second cycle, the H>O pulse creates excess
H>O attached to the phosphate and probably forms clusters of water molecules on the top surface,
due to the high reactivity of phosphorus with water. This excess water becomes a source of oxygen
when Ar and NHj3 plasma are used, and promotes the formation of phosphorus oxynitrides.
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Figure 9. Schematic of the proposed ALD lithium phosphate and LiPON growth scheme with
different plasma reactants for the first cycle. (a) Initial surface terminated with hydroxyl groups;
(b) Formation of Li-O units after a LiO'Bu pulse; (c) Adsorption of H>O to the Li-O units by a
H>O pulse; (d) a TDMAP pulse for P incorporation; (¢) Oz plasma to cross-link P atoms and form
a dense polycrystalline phosphate matrix; (f) Ar plasma to incorporate a small amount of nitrogen
into the phosphate matrix, resulting in amorphous LiPON with a lowered density; (g) NH; plasma
to increase the nitrogen incorporated into the phosphorus oxynitride, further reducing the density.

It is generally believed that Li is bound to oxygen atoms in phosphate tetrahedra in both
phosphorus oxide and oxynitride networks, as shown in Figure 9. The first-principle calculations
done by Du and Holzwarth showed that Li tends to be close to the bridging nitrogen in phosphorus
oxynitrides compared to BO in phosphorus oxides [35] [43]. This suggests that bridging nitrogen
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has a stronger influence on the Li environment than BO, and gives rise to a non-negligible ionic
interaction between Li ions and the bridging nitrogen. Thus, nitrogen atoms could be linked to two
phosphorus atoms with covalent bonds and one Li ion with a weak ionic bond, as shown in Figure
S6 of Supporting Information. The stronger involvement of bridging nitrogen atoms in the bound
sphere of Li ions leads to a more uniform distribution of negative charge density along chain
structures with a -P-N-P-N- backbone, compared to phosphorus oxide networks where the negative
charge is located mainly at NBO sites [31]. Such charge delocalization along the phospho-nitride
chains may contribute to the increased Li ion transport. Further research is needed to clarify the

orign of high ionic conductivity in ALD LiPON films.

4. Conclusions

In this study, new plasma-assisted ALD processes were successfully developed in order to
deposit lithium phosphate and LiPON SSE thin films using LiO'Bu and TDMAP precursors with
H>O oxidant and different plasma reactants, in the deposition temperature range of between 220
and 300 °C. The films deposited with Oz plasma produced a polycrystalline lithium phosphate with
a relatively well-arranged pyrophosphate, while the films deposited with Ar and NH3 plasma
produced an amorphous LiPON with a mixture of pyrophosphate and orthophosphate. The
elemental composition varied from Liz3POs4 for Oz plasma to Li>sPO29No. for Ar plasma and
Li2sLiPO19Nog for NH3 plasma with a 20 sccm flow rate. With increased NH; flow rate, the
nitrogen composition increased up to ~13% while keeping residual carbon to below a few percent.
The lithium phosphate films deposited with O> plasma exhibited an ionic conductivity of 1.75 +
0.52 x 10° S em! at 25 °C, with an activation energy of 0.9 eV. On the other hand, the ionic
conductivity of LiPON films deposited with NH3 plasma increased to 1.65 + 0.42 x 107 S/cm,
with an activation energy of 0.66 eV. This conductivity is the highest value for any ALD LiPON
film reported to date. Finally, an ALD growth mechanism was proposed for different plasma
reactants. Our ALD processes demonstrate the good controllability of the molecular structures of
the phosphate matrices with high ionic conductivity for realizing high-performance Li-based SSE

thin films, which can be used not only for microbatteries but also for neuromorphic devices.
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