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ABSTRACT
We report the direct deposition of model sodium sulfide films by RF magnetron sputtering from Na2S and Na2S2 deposition targets.
Analytical characterization and electrochemical cycling indicate that the deposited films are amorphous with stoichiometries that correspond
to Na2S3 and Na2S2 formed from the Na2S and Na2S2 targets, respectively. We propose that the loss of Na in the case of the Na2S target is
due to preferential sputtering of Na resulting from the higher energy required to break the Na–S bonds in Na2S. The development of thin
film sodium sulfides opens a new route to understanding their fundamental properties, such as Na+ transport, conductivity, and reactivity.
Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001069

I. INTRODUCTION
Sodium sulfides play a significant role in a range of applications including serving as precursors in organic syntheses to synthesize thioamides1,2 and for low-temperature synthesis of binary
sulfides via solid-state metathesis reactions,3 as well as in the precipitation of metals in wastewater treatment and dyes in textile
manufacturing. Sodium sulfides, such as Na2S and Na2S2, are also
of interest as conversion cathodes in Na-based batteries due to
their high theoretical energy density and low cost.4–12 Despite the
importance of these materials, research performed on the synthesis of
sodium sulfides has been primarily focused on the synthesis of bulk
powders. The synthesis routes investigated include direct elemental
combination,3 carbon reduction of Na2SO4,13 microwave-assisted synthesis,14 solution-based synthesis,15 and drying of hydrated sodium
sulfides.16
Thin film samples are important to synthesize as they provide
a route to study (i) fundamental materials properties, such as diffusion constants, (ii) reaction mechanisms for solid-state reactions,
and (iii) model battery electrode architectures. Thin film samples
are key to studying electrodes as they do not contain conductive
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additives and polymer binders, which can complicate the characterization of the active material. Thin film transition-metal sulfides
have been synthesized by a range of methods including chemical
bath deposition,17,18 thermal coevaporation,19–21 sulfur vapor transport,22 and RF magnetron sputtering,23,24 but fewer investigations
have been performed on alkali-metal sulfide thin films. Li2S films
have been synthesized by atomic layer deposition,25 thermal evaporation,26 and RF magnetron sputtering.26,27 Na2S films were synthesized by spray coating,28 but no study has investigated the direct
deposition of Na2S and Na2S2 by RF magnetron sputtering.
Here, we report a method for the direct deposition of welldefined films of sodium sulfides by RF magnetron sputtering. The
films have been characterized by x-ray diffraction (XRD), Raman
spectroscopy, scanning electron microscopy (SEM), and cyclic voltammetry, which reveal that the starting target composition and
structure dictated the stoichiometry of the final film.
II. EXPERIMENT
Na2S powder was prepared by dehydrating Na2S⋅9H2O (Alfa
Aesar, 98.0%) under vacuum for 30 min at room temperature
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followed by vacuum heating at 160 °C for 1 h. Na2S2 powder was
synthesized from dehydrated Na2S and elemental sulfur (Alfa
Aesar, 99.5%). Stoichiometric amounts of Na2S and S were ground
and mixed using an agate mortar and pestle and heated in an
Al2O3 crucible to 230 °C for 12 h. To fabricate the sputtering
targets, the powders were ground using a mortar and pestle and
pressed using a 200 -diameter die. The Na2S and Na2S2 pellets were
sintered and bound to copper backing plates. Due to the hygroscopic nature of sodium sulfides, all powder synthesis and target
processing steps were performed inside an Ar-filled glovebox. All
sample heating was performed in a box furnace that was placed
inside an Ar-filled glovebox, and all heating rates were 5 °C/min,
unless otherwise noted.
Films were deposited by RF magnetron sputtering using a
deposition chamber that is integrated into an Ar-filled glovebox, as
described in previous studies.27,29 Na2S films were deposited at a
power of 70 W with an Ar pressure of 20 mTorr flowing at
20 SCCM. Na2S2 films were deposited at a power of 40 W with an
Ar pressure of 11 mTorr flowing at 20 SCCM. The targets were presputtered for at least 2 h prior to deposition to remove any surface
contamination. The plasma changed color from pink [Fig. 1(a)] to
orange [Fig. 1(b)] when the target was ready to sputter.
XRD was performed using a Scintag XDS 2000 diffractometer
with Cu-Kα radiation. Samples were prepared for XRD by placing
the sample on a glass slide and covering the sample with Kapton
tape to protect the sample from air and moisture. Rietveld refinements were performed using TOPAS version 6. Structures were
visualized using VESTA.30
Raman spectra were acquired with an Alpha 300 confocal
Raman microscope (WITec) using a solid-state 532 nm excitation
laser. Laser power was maintained at 125 μW to mitigate thermal
decomposition from laser-induced heating. Both samples were
sealed in an electrochemical cell with a glass window prior to
Raman measurement in an Ar-filled glovebox. Spectra were taken
from five points on the sample to confirm sample uniformity.
Background subtractions were performed using the WITEC PROJECT
PLUS software.
Scanning electron micrographs and energy dispersive x-ray
spectroscopy (EDX) spectra were acquired using a Zeiss Sigma

FIG. 1. Images of Na2S2 plasmas. Over the course of the presputtering
process, the plasma changes from (a) a pale pink color during presputtering to
(b) a bright orange as the surface layers are removed from the target.
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500 microscope with IRIDIUM ULTRA software. Samples were
mounted on a sample holder using double-sided carbon tape and
sealed in an aluminum lined bag within an Ar glovebox to be
transported to the microscope with minimal exposure to ambient
air. SEM images were taken at a 3.0 keV, while the EDX spectra
used a 15 keV voltage.
Inductively coupled plasma optical emission spectroscopy
(ICP-OES) measurements were carried out on a Thermo Scientific
iCAP 7400 ICP-OES Duo. For analysis, the sulfide films were
grown on polished silicon. Due to concern regarding the volatility
of H2S, these films were heated to 400 °C in dry oxygen to form a
sulfate, which was then dissolved in aqua regia overnight and
diluted with pure water (18 MΩ). TraceCert ICP standards were
obtained from Sigma-Aldrich for instrument calibration.
Thin film electrodes were characterized using 2032-type coin
cells and assembled in an Ar-filled glovebox. Sodium metal
(Aldrich Dry Sticks) was cut and adhered to a stainless-steel spacer
and served as the counter/reference electrode. Three 18 mm disks
of the Dreamweaver Gold separator were placed on top of the
sodium metal and then 50 μl electrolyte was added to the separator.
The electrolyte used was 1.5 M NaClO4/0.3 M NaNO3 in tetraethylene glycol dimethyl ether.9–11,14 A section of the film was then
placed on top of the separator to serve as the working electrode.
The coin cell was sealed using a hydraulic press. Cyclic voltammograms (CVs) were measured using a BioLogic system. CVs were
measured between 1.2 and 3.0 V versus Na/Na+ with a potential
sweep rate of 0.1 mV s−1 for 20 cycles.
The relative stabilities of Na2S and Na2S2 are referenced from
density functional theory (DFT) calculations using the r2SCAN
metaGGA functional, with input settings given by the
MPScanRelaxSet parameters in PYMATGEN.31
III. RESULTS AND DISCUSSION
Sodium sulfide precursors were synthesized using solid-state
methods and characterized using XRD, shown in Fig. 2. For Na2S,
the resulting light-yellow powder contains Na2S (Fm-3m) as the
primary phase with Na2SO3 (P-3) and Na2S2 (P63/mmc) present
at 4.7 and 2.2 wt. %, respectively, according to Rietveld refinements shown in Fig. 2(a). For Na2S2, the resulting dark-yellow
powder contains β-Na2S2 (P63/mmc) as the primary phase with
unreacted Na2S and Na2S4 (I-42d) present at 4.8 and 13.2 wt. %,
respectively, according to Rietveld refinements shown in Fig. 2(b).
To model the scattering from the Kapton tape that covered the
moisture-sensitive powders, four peaks at 14.5°, 18.1°, 21.7°, and
26.0° were added to the refinements. While these synthesis
methods did not yield phase pure Na2S or Na2S2 powders, they
are an efficient way to make the quantity of powder (∼25 g)
needed to fabricate the sintered targets with the right stoichiometry. Large batches of Na2S⋅9H2O can be heated under vacuum,
while reactions with Na metal and S powder would have to be
performed in sealed ampoules in small (∼1–2 g) quantities due to
safety concerns. Since the targets are atomized during the sputtering process, it is more important to have the correct Na:S ratios in
the plasma than creating a phase pure target.
Films were deposited on an Al foil and characterized using
x-ray diffraction. Na2S and Na2S2 films were deposited for 2 and
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FIG. 2. Rietveld refinements of (a) Na2S and (b) Na2S2 powder XRD patterns. Na2S powder has Na2S as the primary phase and Na2SO3 (4.7 wt. %) and Na2S2
(2.2 wt. %) as secondary phases. Na2S2 powder has β-Na2S2 as the primary phase and Na2S (4.8 wt. %) and Na2S4 (13.2 wt. %) as secondary phases. Kapton background at low 2θ was modeled with four peaks. These materials were used as targets for the sputtered films.

12 h, respectively, and both films were pale yellow in color. XRD
patterns of the as-deposited films showed only peaks from the Al
foil substrate and from the Kapton tape used to cover the airsensitive films indicating that the films are amorphous. Initial
annealing studies showed some indication of increased crystallinity
after 1 h at 200 °C; however, the annealed films had poor adhesion
to the substrate, so all studies were performed on the amorphous
films.
To further probe the structure of the films, Raman spectroscopy measurements were performed, shown in Figs. 3(a) and 3(b).
Raman spectroscopy was also performed on the starting powders
for reference, shown in Figs. 3(c) and 3(d). Two distinct regions
were observed in the Na2S powder, so representative spectra for
each region are shown in Fig. 3(c). Raman spectroscopy was also
performed on the Al foil to confirm that it was not Raman active.
The Al foil had no observable peaks over the measured range. The
spectra from the films sputtered using the Na2S target, shown in
Fig. 3(a), and have peaks at 241, 390, 478, and 947 cm−1. The
peaks for this film do not correspond to peaks associated with
Na2S (187, 324, and 420 cm−1) but instead are similar to those for
Na2S4 (239 and 471 cm−1).32,33 The spectra of starting Na2S
powder, shown in Fig. 3(c), has peaks at 138, 190, 455, 892, and
934 cm−1. The peaks at 138 and 455 cm−1 are similar to the peaks
associated with Na2S2 (133 and 450 cm−1), and the peak at
190 cm−1 is similar to the most intense peak in previously reported
Na2S spectra, which was observed at 187 cm−1.32 The spectra from
the Na2S film is significantly different from the original starting
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powder indicating a structural difference between the two
materials.
The films sputtered using the Na2S2 target, shown in Fig. 3(b),
show well-defined peaks at 145, 215, 415, 453, 591, 717, 1216, and
1275 cm−1. The main peak at ∼450 cm−1 corresponds to the S–S
stretching band in Na2S2.32 The spectra of starting Na2S2 powder,
shown in Fig. 3(d), has peaks at 138, 214, 245, 455, 484, and
893 cm−1. The Na2S2 powder also has peaks similar to the peaks
associated with Na2S2 (133 and 450 cm−1) and also has a peaks at
245 and 484 cm−1, which is similar to the peaks for Na2S4 (239
and 471 cm−1).33 The spectra from the Na2S2 film is similar to the
original starting powder indicating a structural similarity between
the two materials. These films and powders do not show any
presence of hydrated phases as there are no OH bands present at
either 1633 or 2800–3800 cm−1.34 There is also no evidence of S8
since there are no S–S bending bands present at 153 or 220 cm−1.35
The peaks present in the films are broad with peaks overlapping.
These spectra are similar to amorphous sulfides rather than highly
crystalline compounds, which exhibit sharp, distinct peaks.32 The
Raman spectra show once again that the films are poorly crystalline
with a combination of several phases present in the as-deposited
samples.
Scanning electron micrographs show the film morphology,
and SEM-EDX provides information about the composition of the
deposited films. Micrographs show that the deposition of both
Na2S and Na2S2 targets yield continuous coatings covering the substrate, shown in Fig. 4. The analysis of the EDX spectra of the film
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FIG. 3. Raman spectra from the films deposited using the (a) Na2S target and the (b) Na2S2 target and the starting (c) Na2S and (d) Na2S2 powders. Two distinct regions
were observed while measuring the Na2S powder and representative spectra are shown from each region. Intensity is shown in counts per second.

sputtered by the Na2S target yielded a Na:S atomic ratio of 43:57.
The ICP data produced a similar ratio of 43:57. This result shows
that the films are Na-deficient when compared to Na2S.
EDX of the film sputtered by the Na2S2 target yielded a Na:S
atomic ratio of 54:46. ICP data collected on these samples produced similar atomic ratios of 56:44.This result shows that the
films are slightly S-deficient when compared to the ideal Na2S2
composition.
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CVs were used to characterize the electrochemical properties
of the Na2Sx films, as shown in Fig. 5. The films sputtered from the
Na2S target have an open circuit voltage (VOC) of 1.96 V versus
Na/Na+. This value is higher than expected for an Na2S film and
corresponds to a more Na-deficient phase, supporting the results
from the EDX measurements. Oxidation peaks appear for this film
at ∼2.0 and ∼2.6 V corresponding to the removal of Na+ ions from
the electrode. The peak at 1.9 V corresponds to the formation of
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FIG. 4. Scanning electron micrographs of films deposited from (a) an Na2S
target and (b) an Na2S2 target on to Al foil.

Na2S6 and the peak at 2.6 V corresponds to the formation of higher
order sodium polysulfides.9 The reduction peaks for Na2S are
observed at ∼1.9 and ∼1.6 V. The peak at 2 V corresponds to the
formation of Na2S5 and the peak at 1.6 V corresponds to the formation of Na2S3.9 The films sputtered from the Na2S2 target have a
VOC of 1.48 V and oxidation peaks at ∼2.0 and ∼2.6 V. The reduction peaks are present at ∼1.9 and ∼1.7 V. The peak at 1.7 V corresponds to the formation of Na2S4.9 The VOC of the Na2S2 film is
lower than that of the Na2S film, which is consistent with differences in Na-content and the composition closer to a fully sodiated
phase. The films sputtered with the Na2S2 target contain more Na
than the films sputtered with the Na2S target, which complements
the findings of the SEM-EDX data. The peaks in the CVs decrease
with each cycle as the film begins to dissolve into the electrolyte.

avs.scitation.org/journal/jva

Depositing films from an Na2S target yields an Na-deficient
film while depositing films from an Na2S2 target does not.
Composition discrepancies from the target to film are present in
the deposition of many compounds including CaF2,36 Li4SiO4,37
phosphate glasses,38 and many metal alloys,39,40 and several mechanisms have been proposed to explain for preferential sputtering of
specific atoms. One mechanism is negative ion formation that leads
to a negative accumulation rate, or etching, of the deposited material. Cuomo et al. provide a threshold to predict which compounds
will suffer from negative ion etching based on the ionization potential and the electron affinities of the compounds.39 While Na2S falls
within the predicted range, so does Na2S2. Using this method, both
materials should lead to Na-deficient films, but this is not what is
observed experimentally. Another possible mechanism is target
decomposition leading to material redistribution. This process has
been observed in Li4SiO4 where the target becomes discolored, and
Li2O forms in the center of the target where sputtering does not
occur, resulting in an Li deficient film.37 However, in this study, no
target decomposition or redistribution within the target was
observed. Another mechanism is related to the overall bond
strength of different components in multicomponent systems. For
example, in phosphate glasses, the sputtering rate of different
atoms correlates to the dissociation energy per bond within the
structure; phosphorous has strong covalent bonds within the structure and has the lowest sputtering yield of the five cations present
in the system.38 While there is not a range of bonds present
within Na2S, there is a significant difference between the formation
enthalpies of Na2S and Na2S2. The formation enthalpies of Na2S
and Na2S2, calculated by DFT (r2SCAN), are −1.269 and

FIG. 5. First three cyclic voltammograms of films sputtered by targets composed of (a) Na2S and (b) Na2S2 films cycled against Na metal between 1.2 and 3.0 V.
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−1.004 eV/atom, respectively, indicating that Na2S is a significantly
more thermodynamically stable
compound
by about
0.265 eV/atom. This calculated value also agrees well with the
experimentally measured difference of +0.246 eV/atom at 298 K.41
We hypothesize that the primary cause of the observed
Na-deficiency in the deposited film is the increased preferential
resputtering of Na due to the higher energies required for sputtering of the more stable Na2S target. The increased resputtering is a
direct consequence of the predicted increase in surface binding
energies of Na and S in the Na2S compound. Although the actual
surface binding energies for species in an ionic compound are difficult to calculate and depend on several unknown parameters,42
they have been suggested to correlate directly with the enthalpy of
formation of the compound.43 Thus, the extra energy needed to
break the Na–S bonds and atomize Na2S results in higher energies
of the sputtered atoms and hence an increased possibility for
resputtering, where atoms deposited on the substrate are ejected
from the deposited film. Resputtering tends to affect lighter elements more significantly,40 and the significantly lower atomization
enthalpy of Na (107.3 kJ/mol) versus S (278.8 kJ/mol) further suggests that Na may be more susceptible to resputtering.44 Since there
is less energy needed to deposit the Na2S2 films, as highlighted in
the differences in sputtering power (70 vs 40 W), the resputtering is
less pronounced in films deposited using the Na2S2 target. This
resputtering effect can be mitigated by changing the sputtering
geometry in future studies.36
IV. SUMMARY AND CONCLUSIONS
This paper presents the first deposition of sodium sulfides by
RF magnetron sputtering and continues to build on the work being
done to deposit films of alkali sulfides for energy storage applications. Na2S and Na2S2 deposition targets were fabricated and sputtered onto Al foil to create model sulfide films with two distinct
compositions. X-ray diffraction patterns showed that the films
deposited from the Na2S and Na2S2 targets were amorphous. SEM
micrographs show that the films are continuous across the substrate
and are not porous. The SEM-EDX data revealed that the film
deposited using the Na2S target is Na-deficient with an overall stoichiometry close to Na2S3, while the film deposited using the Na2S2
target is S-deficient, but close to the ideal composition of Na2S2.
We propose that the Na-deficiency present in Na2S is due to
increased resputtering of Na when depositing Na2S as a result of
the higher energies needed to atomize Na2S compared to Na2S2
based on the compound’s thermodynamic stability. This effect can
be alleviated by further optimization of the deposition geometry.
Cyclic voltammetry measurements of the films correspond well
with previously published studies showing that the films can be
used as cathodes for Na-based batteries. Future studies with these
films are needed to optimize the films and prevent the dissolution
of the films into the electrolyte. These thin films can be used in
Na–S batteries as well as in thin film heterostructures and devices,
providing new ways to study these critical compounds.
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