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ABSTRACT: Despite challenges to control stoichiometry in

the vanadium—sulfur system, template-free growth of patronite,
VS,, thin films is demonstrated for the first time. A novel

atomic layer deposition (ALD) process enables the growth of

phase pure films and the study of electrical and vibrational
properties of the quasi-one-dimensional (1D) transition metal
sulfide. Self-limiting surface chemistry during ALD of VS, is
established via in situ quartz crystal microbalance and
quadrupole mass spectrometry between 150 and 200 °C. The
V precursor, unconventionally, sheds all organic components in
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the first half-cycle, while the H,S half-cycle generates the disulfide dimer moiety, S,”% and oxidizes V** to V*". X-ray analysis
establishes VS, crystallinity and phase purity, as well as a self-limiting growth rate of 0.33 A/cy, modest roughness of 2.4 nm, and
expected density of 2.7 g/cm®. Phase pure films enable a new assignment of vibrational modes and corresponding Raman activity
of VS, that is corroborated by density functional theory (DFT) calculations. Finally, at elevated growth temperatures, a change in
the surface mechanism provides a synthetic route to a second vanadium—sulfur phase, V,S;.

I. INTRODUCTION

The viability and utility of single- and few-atom-layer thick
materials have now been firmly established in the wake of
graphene’s sustained success. This research has led to the
exploration and development of semiconducting two-dimen-
sional (2D) materials that exhibit an even more diverse set of
optoelectronic properties.' ™ Transition-metal dichalcogenides
(TMDC) have received particular attention due to their layered
structure and range of bandgaps.*™” Along with a relative ease
of synthesis, TMDC and other 2D metal sulfides such as
MoS,,* ™" WS,,"* ™" $nS,," 7" NiS,'”?° and CoS*"** have
been investigated for various applications, such as electronics,
energy storage, energy conversion, and optoelectronics. Most
recently, 2D vanadium disulfide, VS,, has been considered for
application in energy storage,m_25 energy conversion,26
spintronics,”” and sensors.”® Advances in the synthesis of
supported” and free-standing®® films of VS, have facilitated
these new avenues of research.

A subset of transition-metal sulfides possess disulfide (S,™)
moieties. Recently, facile routes to sulfide minerals based on
S,7* dimers, such as pyrite (FeS,),”” ™" cattierite (CoS,),***
and vaesite (NiS,),>** have been realized, which allows new
materials to be integrated in applications such as photovoltaics,
catalysis, and energy storage. Patronite (VS,) is a lesser-known

-4 ACS Publications  © 2017 American Chemical Society

member of the same transitional metal disulfide class. Patronite
was discovered in 1906, but the structure was not refined
until 1964;”” the cell parameters have only recently been
updated.”® VS, can be visualized as being made up of quasi-one-
dimensional (1D) chains of V*(S,7*), molecules (Figure 1).
Each linear chain is comprised of two S,™> dimers connecting
two adjacent V atoms, with weak van der Waals bonding
between 1D chains. This stacked framework provides an
interchain distance of 5.83 A. The 1D structure of VS,, with a
calculated bandgap of 1.0 €V,*” may provide unique advantages
in applications that include Li ion*”*" and Na ion*" battery
development and supercapacitors,” as well as photocatalytic
degradation of methylene blue** and H, generation.*
However, controlling vanadium—sulfur stoichiometry has
proved synthetically challenging and has thereby hindered
progress in these fields. Hydrothermal methods produce pure
VS, only under specific combinations of synthesis conditions
and specific templating substrates.’” Hydrothermal methods
have recently been refined to allow solution dispersed
microspheres to be produced template free, but this process
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Figure 1. View of the quasi-one-dimensional VS, chain (top) and
complementary view down the line of VS, chains (bottom). Gray balls
represent V atoms and yellow balls, S atoms.

requires Polymeric coating for the microspheres to remain
discrete.”” Hydrothermal growth of phase-pure films requires a
reduced-graphene or reduced-graphene oxide template. Bulk
VS, has been produced by heating V,S; and S5** or elemental V
and Sg at 400 °C for 3 days to 4 months.”® In addition to being
time-consuming, these methods do not allow for fine thickness
control. Finally, VS, has been synthesized in organic solvents by
combining VCI, and hexamethyldisilathiane or hydrogen sulfide
(H,S). However, no continuous thin film growth method has
been established through this route.

Atomic layer deposition (ALD) is a vapor-phase deposition
technique that relies upon sequential, temporally isolated self-
limiting surface chemistry to synthetically modify surfaces one
layer at a time. This direct surface synthesis affords the ability to
tune materials chemistry through precursor choice as well as
enable conformal and pinhole free films over high aspect ratio
substrates.*” While little work has been done on the vanadium/
sulfur system, ALD has made significant progress with metal
sulfide materials.* A relatively recent advance in the tunable
chemistry of ALD is the ability to access various metal—sulfur
stoichiometries at low temperatures by judicious precursor
selection.”” For example, stoichiometric and phase-pure Cu,S
growth was uniquely achieved only with a Cu(I) precursor but
has yet to be produced with a Cu(II) precursor.”” In addition to
phase selectivity via distinct precursor choice, ALD also allows
for the same precursor to access different stoichiometric phases
at multiple temperature ranges, via different surface chemistry.
For example a single Sn precursor may grow hexagonal SnS, at
140 °C and orthorhombic SnS above 160 °C.”!

The relative ease with which vanadium can change between
numerous oxidation states makes the isolation of pure VS,
challenging. This complexity has been recently highlighted in
work by Britto et al, in which the nature of the electronic
properties resulting from Peierls distorted V=V bonds in the
VS, crystal structure were only recently clarified.*” In addition,
we are not aware of a theoretical treatment for the origin of the
Raman modes visible in the VS, spectrum, and the spectrum for
VS, has only recently been published.”® While some Raman
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spectra have been reported for VS,,***** we hypothesize (vide

infra) that previous spectra include signatures from material
with varying degrees of laser damage and oxidation.

Herein, we report template-free thin film growth of VS, by
ALD up to 200 °C and V,S; from 225 to 250 °C. A self-limiting
growth process with alternation of tris(IN,N'-diisopropylaceta-
midinate) vanadium(III) (V(amd);)** and H,S was observed
up to 250 °C, which includes the conformal coating of high
aspect-ratio anodic aluminum oxide (AAQO) structures. VS,
films are crystalline as deposited at 200 °C, and V,S; films were
crystalline as deposited at 250 °C. Beam damage, to produce
V,0;, was observed with Raman spectroscopy when using 785
nm laser power above 10% incident power (~10 mW) for all
films grown. However, a pristine VS, Raman spectrum was
obtained at low laser intensity that we corroborate by density
functional theory (DFT) calculations of Raman active modes.
Finally, the electronic properties of thin films on insulating
substrates reveal finite room temperature conductivity in 1.0 eV

bandgap VS,.

Il. METHODS

All atomic layer deposition (ALD) film growth and in situ experiments
were performed in a commercial hot-wall ALD tool (Savannah 200,
Cambridge NanoTech) modified for H,S compatibility.>> A constant
10 sccm stream of ultrahigh purity nitrogen carrier/purge gas, purified
with an Entegris Gatekeeper metal purifier to ensure H,O and O,
levels were <250 ppt, was continuously pumped through the tool
resulting in a base pressure of 0.4 Torr. tris(N,N'-Diisopropylaceta-
midinate) vanadium(IlI) (V(amd),) was synthesized and purified
according to published procedures.’” V(amd); was delivered under its
own vapor pressure (without bubbling or nitrogen assistance) from a
50 cm® stainless steel cylinder heated to 190 °C. A dilute hydrogen
sulfide (H,S) mixture (4% in N,, Airgas) was stepped down to 500
Torr relative to vacuum through a two-stage regulator before further
reducing the flow through a 300 pm pinhole just prior to the
pneumatic ALD valve. The precursor pulsing sequence follows the
format t,—t,—t;—t,, where t, is the V(amd); pulse time; t; is the H,S
pulse time; t, and t, are the purge times following the V(amd); and
H,S pulses, respectively. Times are reported in seconds.

Quartz crystal microbalance (QCM) measurements were performed
with a modified reactor lid wherein mass changes may be monitored in
situ directly adjacent to and simultaneous to ex situ film growth as
previously described.>* The lid has two QCMs collinear with the
reactor inlet and outlet. The “Front QCM” is positioned two inches
downstream from the inlet, and the “Back QCM” lies six inches farther
downstream.

Quadrupole mass spectrometry (QMS) measurements were
performed in situ using an RGA200 (Stanford Research Systems)
whereby residual precursor and reaction byproduct gases were
differentially pumped through a 35 um orifice that samples reaction
chamber exhaust. An electron multiplier (1000X gain) increased
sensitivity, and data acquisition occurred through the RGA Windows
software package standard with the system. Exhaust lines were kept at
120 °C to minimize condensation of gas phase species prior to
reaching the quadrupole.

Films for ex situ analysis were deposited on Si(100) substrates with
native oxide, fused quartz, and anodic aluminum oxide (AAO)
membranes. Films were grown within three inches of the inlet. Prior to
growth, flat substrates, fused quartz, and native oxide Si were subjected
to 10 min of acetone sonication, a rinse, 10 min of isopropanol
sonication, a rinse, a N, blast dry, and a minimum 60 min of in-tool
thermal equilibration time. AAO disks were Whatman Anodisk 13
(#6809-7023), 13 mm in diameter, with 200 nm channels and a 20 nm
pore opening at one end with a 50 um disk thickness (250:1 aspect
ratio when coated from the 200 nm opening). AAOs were subjected to
2 min of DI water sonication, followed by sonication in acetone and
isopropanol for 2 min each, and a final DI rinse. AAOs were dried
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Figure 2. Dose and purge QCM data taken at 200 °C for the V(amd);/H,S process. Dose sequence for (a) is x—30 s—0.5 s—30 s, where x is the
dose time for V(amd);. 12 s doses were achieved with three, 4 s pulses and 40 s was achieved with five, 8 s pulses; each dose was separated by 30 s
purge time to build vapor pressure of V(amd);. Dose sequence for (b) is 6 s—30 s—x—30 s, where x is the dose time for H,S. Lines are added to the

plots to aid the eye.

under reduced pressure and spent a minimum of 60 min in the tool for
temperature equilibration prior to growth. All films used the growth
sequence optimized from saturation studies: 6 s (consisting of three, 2
s doses separated by 30 s purge to build V(amd); vapor pressure)
V(amd); dose, 30 s purge, 0.5 s H,S dose, and 30 s purge.

The crystallinity and crystalline orientation of VS, films on fused
quartz and AAO were determined by X-ray diffraction (XRD). XRD
measurements were acquired with a Bruker Advance D8 Powder X-ray
Diffractometer with Ni-filtered Cu Ka radiation (wavelength 4 = 1.540
A) operating at 40 kV and 40 mA. The scan range was between 10°
and 80° with 0.01° steps at a collection speed of 0.75 to 3 s/step
depending on film thickness. Film thickness, density, and roughness
were determined by X-ray reflectivity (XRR, Philips X'Pert Pro MRD
diffractometer, Cu Ka radiation). XRR data were foot-print corrected
and fit using the Abeles matrix method within the Motofit software
package.®® XRR fits were limited at g = 47 sin(6)/1 = ~0.04 and 0.15
A™!, where 0 is the incident beam angle. Errors on XRR fit parameters
were estimated to be within 95% confidence level using y* mapping,.

Surface Raman spectroscopic measurements of films were taken
with an Innovative Photonics Solutions 100 mW 785 nm laser (model
#10785SR0100B) in a Renishaw spectrophotometer in backscattering
configuration, using a Renishaw CCD camera, a 100 cm™" edge filter,
and a 1200 1/mm diffraction grating allowing for a resolution of ~2
cm™". The system was calibrated to the Si peak (520 cm™) before
measurements. Care was taken to avoid beam damage and subsequent
oxidation to the films by maintaining low laser intensity (below 10% of
100 mW) during measurements and performing visual inspection with
a 50X magnification microscope lens after each measurement.

Resistivity and mobility measurements were acquired with a Hall
measurement system (HMS-3000, Ecopia) at room temperature.
Samples were measured in a N, atmosphere glovebox with a 0.57 T
magnet prior to air exposure as well as in ambient conditions with a
0.55 T magnet. No difference was observed between measurements
under inert atmosphere and in ambient conditions.

Thickness and composition were corroborated by scanning electron
microscopy (SEM) on a Phenom ProX equipped with an energy
dispersive X-ray spectroscopy (EDX) detector for elemental analysis.
SEM and EDX measurements were taken with a high-vacuum sample
holder, and samples were attached to the removable SEM stage by
carbon tape. SEM measurements were taken 2 mm below the sample
holder horizon, while EDX measurements were taken 3 mm below the
sample holder horizon.

XPS data were acquired using a Thermo Scientific ESCALAB 250Xi
equipped with monochromated, microfocused (900 ym spot size) Al
Ko X-rays and a 180° double-focusing hemispherical analyzer. Samples
were ion-beam etched for 30 s using 3 keV Ar" jons to remove ~10
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nm of adventitious carbon and surface oxides. All data were calibrated
to the C Is signal.

First-principles density functional theory (DFT) calculations® were
employed to predict the nonresonant first-order VS, Raman spectrum.
The VS, unit cell’” was fully relaxed using the plane-wave DFT code
Vienna Ab initio Simulation Package (VASP).>”*® Projector
augmented wave (PAW) potentials were used for vanadium and
sulfur. These potentials include five and six valence electrons for V and
S, respectively. The Perdew-Burke-Ernzerhof (PBE)*” parametrization
of the generalized gradient approximation (GGA) was employed for
electronic exchange correlation. The kinetic energy cutoff for plane
waves was selected as 520 eV.

The Raman scattering activity of a Brillouin zone center phonon is
related to the change in dielectric tensor upon excitation of that
phonon. To obtain Raman activities, we followed the method®
detailed in the Supporting Information. This framework was
implemented in a Python script by Fornari and Stauffer.®!

After unit cell optimization, the dynamical matrix was calculated for
VS, using VASP. Then, each phonon mode at the Brillouin zone
center was excited by displacing the atoms along the corresponding
phonon eigenvector. The change in dielectric tensor from such
displacements was computed by density functional perturbation theory
and, accordingly, Raman activity was obtained.

lll. RESULTS AND DISCUSSION

The vanadium—sulfur phase space remains largely unexplored
in atomic layer deposition (ALD). Only one example exists; the
tris(N,N’-diisopropylacetamidinate) vanadium(III) (V(amd),)
and hydrogen sulfide (H,S) process has been utilized as a
minority dopant in a f-In,S; bulk film.”* V** substitution into
In** lattice positions up to 25%, by atomic ratio, is achieved
when the In,S; ALD process is replaced by the V(amd),/H,S
process during growth of the intermediate band material,
V,In,_,S;. While the V(amd);/H,S process showed self-
limiting behavior when substituted for a single cycle of the
In,S; process, no full saturation study had been performed.
Figure 2 shows saturative dose behavior for each precursor at
200 °C when measured by in situ quartz crystal microbalance
(QCM). From these data, we see that a 4 s dose of V(amd),
and 0.2 s dose of H,S are sufficient dose lengths for self-
saturation. Due to the low volatility of V(amd); and the
temperature limitations of the Savannah 200 ALD reactor, long
V(amd); pulses were comprised of a set of shorter pulses
separated by 30 s of purge time to build vapor pressure. This
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process ensured that the number of moles of V(amd),
introduced over long doses was equivalent to shorter doses.
Purge length studies (Figure S1) show that a 30 s purge time is
sufficient to avoid uncontrolled growth via reaction of
physisorbed precursors.

To investigate the effect of temperature on the growth rate,
in situ QCM and ex situ X-ray reflectivity (XRR) experiments
were performed. Figure 3 shows the mass gain as a function of
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Figure 3. Mass gain in situ QCM data for the V(amd);/H,S process
(red diamond) with corresponding growth rates as measured by XRR
(blue square) for films grown on native oxide Si(100).

temperature as measured by in situ QCM (red diamonds) from
150 to 225 °C and the corresponding growth rates as measured
with XRR (blue squares) from 150 to 250 °C on native oxide
Si. Limitations inherent in the quartz crystal due to temperature
sensitivity restrict the functional limit for this QCM setup to
225 °C. Self-limiting behavior was observed from 150 to 225
°C, as evidenced by QCM dose studies of each precursor at
150, 200, and 225 °C. An example of dose saturation studies
performed at 200 °C is shown in Figure 2. As was the case at
200 °C, both of the other temperatures showed that a 4 s
V(amd); dose was necessary for saturation. The mass gain
measured by QCM decreased from 11.1 + 0.9 ng/cm2 at 150
°C, corresponding to a growth rate of 0.33 + 0.01 A/cy by
XRR, to 8.8 + 0.7 ng/cm” (0.15 + 0.01 A/cy) at 200 °C, as
qualitatively expected. However, a slight increase in growth rate
to 10.5 + 0.01 A/cy (026 + 0.01 A/cy) at 250 °C is not
normal for ALD of sulfides. For ALD of metal sulfides, mass
gain and growth rate tend to decrease with increasing
temperature, mirroring the equilibrium density of surface
—SH species, as first noted in growth of GaS, by ALD.®> The
mechanism for this temperature dependence has been
hypothesized to result from the conversion of neighboring
surface sulthydryl species (—SH) into a bridging sulfur surface
species (—S—) with evolution of gaseous H,S (Scheme 1).°
The increase in growth rate at 250 °C suggests a deviation
perhaps due to the earliest stage onset of nonself-limiting
deposition/decomposition. Alternatively, this increase in

Scheme 1. Conversion of Surface Sulfhydryl Species to
Bridging Surface Sulfur and Gaseous H,S
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growth rate could signal the accessibility of a different surface
chemistry, which may lead to different film composition
(stoichiometry). QCM V(amd); dose studies at a lower, 225
°C, growth temperature demonstrate that decomposition or
uncontrolled growth does not occur, as introducing more
V(amd); after a 4 s saturative dose did not increase the mass
gain per cycle. This suggests that films grown at temperatures
of 225 °C or greater may have a V=S composition different
from films grown below 200 °C as will be examined in detail
vide infra.

The growth rate per cycle was constant over long
depositions, and no nucleation delay was noted by QCM on
a fresh ALD ALOj; surface (Figure S2). Figure 4 shows a
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Figure 4. In situ QCM mass gain data for the V(amd);/H,S process at
200 °C (black, top) with corresponding binary dose traces for
V(amd); (green, middle) and H,S (orange, bottom).

zoomed portion of a 1500 cy deposition at 200 °C. From the
mass trace (black), we see a significant mass gain (Am) of 8.8 +
0.7 ng/cm?/cycle associated with the V(amd); pulses (green).
The spike at the beginning of each V(amd),; dose is a
convolution of dose-induced changes in reactor pressure and
surface temperature, to which the quartz crystal oscillations are
also sensitive, in addition to potential physisorption and rapid
desorption of V(amd); precursor on the crystal surface.
Interestingly, no mass change was observed during the H,S
pulse (orange). Normally, in the case of large amidinate ligands
(m = 142), an overall mass loss is observed during the
nonmetal dose which corresponds to the loss of organic ligands
and generation of the less massive surface sulthydryl species (m
= 33)." Thus, to maintain constant mass, ~4.3 sulfhydryl
groups replace each remaining amidinate ligand, or we convert
bridging sulfur bonds to sulfhydryl with nominal mass gain
from the added hydrogen.

Corresponding quadrupole mass spectrometry (QMS)
measurements revealed fragments corresponding to the
protonated ligand (H—amd) and unreacted precursor during
the V(amd); pulse. However, no H—amd is observed during
the H,S pulse at 150 or 200 °C (Figure S4). While full removal
of all ligands during the metal half-cycle is not common, surface
metal surface species devoid of ligands may be unreactive to
further gas-phase metal-containing precursor, producing self-
limiting behavior. From the above in situ QCM and this QMS
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data, we present one hypothetical mechanism that is consistent
with these data, eqs 1 and 2:

(—SH);k + V(amd)3 - (—S)3V>l< + 3[H(amd)] (1)

@)

where the asterisk (*) denotes a surface species. In eq 1, all of
the amidinate ligands are lost from reaction with surface
sulthydryl species. Thus, the H,S half-cycle exists to repopulate
the surface with sulthydryl groups. However, the mechanism of
repopulation is not obvious. We speculate that the process may
occur through proton transfer from a S—H bond to a bridging
sulfide group, the reverse of Scheme 1. This mechanism would
maintain the oxidation state of vanadium and produce V,S;
films. Alternatively, generation of two sulfanyl radicals (SH®)
could lead to oxidation of surface vanadium species as well as
generation of new disulfide dimers ((S—S)*7) and S—H
moieties around the metal. This process would likely also
generate hydrogen molecules (H,). Metal sulfides are known to
undergo sulfurization in the presence of H,S which generates
H, and oxidizes the metal.** Further experiments are required
to more fully determine the mechanism of the H,S half-
reaction.

In order to better understand the nature of synthesized films,
and thereby the surface chemistries proposed from QCM and
QMS data, ex situ characterization of films grown on native
oxide Si(100), quartz, and AAO substrates at 150, 200, and 250
°C were performed. Figure 5 shows XRR data for films grown

2(=S);V* + ¥H,S = 2(=S),_, V(SH)?

104k —O— 250 °C, 1500cy
—O— 200 °C, 500cy
—0— 150 °C, 1500cy
10° F — Fits
L 10°F
€
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107 ! | | 1 1 1 |
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q =4m sin(0)/A
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Figure S. X-ray reflectivity data and fits (black lines) for VS, and V,S;
films grown on native oxide Si of 1500 cy at 150 °C (blue), 500 cy at
200 °C (green), and 1500 cy at 250 °C (red).

at 150 °C (1500 cy), 200 °C (500 cy), and 250 °C (1500 cy)
on native oxide-Si (100) and the corresponding modeled fits.
Fitted parameters for these data are tabulated in Table 1. The
growth rate trends are in general agreement with QCM results
and provide further information about film density and
roughness. Film roughnesses are approximately constant at 2
nm roughness regardless of growth temperature and thickness.
The density, however, shows clear contrast between the 200
and 250 °C data. Films grown at 150 and 200 °C exhibit a
density (2.8 + 0.1 g/cm®) in agreement with the expected value
for a nearly fully dense VS, film (2.8 g/cm®). In contrast, the
250 °C growth is approximately 50% denser (4.2 g/cm’) than
both the 150 and 200 °C film. This density is much closer to
that expected for a V,S; film (4.7 g/cm®). While the XRR-
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Table 1. XRR-Derived ¢ (Thickness), 6 (Roughness), and p
(Density) Values Acquired from Fits Presented in Figure 5

T (°C) Ve t (nm) o (nm) p (g/cm’)
150 1.98 49.319¢ 24192 2,979
200 476 74553 19793 2.7
250 7.52 392492 L7498 4249

“Goodness-of fit parameter y* = (N — Np)_lzk((lmeas,k = Laer)?/
Err’), where I ... and I are the measured and calculated
intensities of the k™ data point, respectively. Erry is the uncertainty for
the data point, and N and N;, represent the total number of data points
and fitting parameters. Error bounds define the 95% confidence
interval for each parameter.

derived densities are ~10% less than that expected for a fully
dense V,S; film, this is common for polycrystalline thin films
grown by ALD." Persistent VS, inclusions within the films
grown at 250 °C cannot, however, be ruled out by density alone
and require further characterization.

The crystalline nature of films grown at different temper-
atures on anodic aluminum oxide disks (AAOs) was
investigated with X-ray diffraction (XRD) (Figure 6). These
measurements show that films grown at 150 °C were
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Figure 6. X-ray diffraction (XRD) from the V(amd);/H,S process
grown on anodic aluminum oxide (AAO) disks. Traces have been
offset for clarity. The thicknesses for these films are as follows: 150 °C,
49.3 nm; 200 °C, ~22.2 nm; 250 °C, 39.2 nm. Reference spectra for
V,S; (green, middle) and VS, (red, bottom) are provided for
comparison.
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amorphous or very weakly crystalline. However, films grown at
200 °C exhibit two broad crystalline diffraction peaks. These
features are difficult to uniquely index due to the breadth of the
full-width at half-maximum and the possibilities of overlapping
peaks from other vanadium—sulfur phases. However, the (420)
and (013) peaks of VS, (JCPDS 021-1434)° fall within this
range. Films grown at 250 °C have sharper features that can be
indexed to V,S; (JCPDS 019-1407).°° The XRD peak
assignments are further supported by the modeled XRR
density of the films vide supra.

To further corroborate the phase assignment, Raman
spectroscopy was also performed for films on fused quartz.
Films exposed to a 785 nm, 100 mW laser above 10% intensity
were found to be susceptible to beam damage, creating V,04
(Figures SS and S6). As such, care was taken to ensure all
spectra included here are from undamaged samples. Figure 7
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Figure 7. Raman spectroscopy for VS, film grown at 200 °C, ~22.2
nm thick, on fused quartz (black line). DFT calculated frequencies are
overlaid (red bar) for clarity. The broad peak from ~100 to 225 cm™"
is from the quartz substrate.

shows Raman spectroscopic data for a 1500 cycle film of the
V(amd);/H,S process grown at 200 °C (black line). When
compared with known vanadium sulfide species, V3S4,67 VS, %
and VS,,****** no obvious match is found. However, we further
examine the validity of literature references and the RRUFF
database (ID RO070737) spectra for VS, (http://rruffinfo/
patronite/display=default/). Close inspection reveals that the
RRUFF database spectra acquired with 532 nm (ca. 2.33 €V)
laser at 40% intensity (of 150 mW) and a reference V,Oq
spectrum are identical (Figure S7). However, the spectrum
taken with the 780 nm laser (ca. 1.59 eV) and 40% intensity (of
600 mW) appears to be a mixture of V,05 and a different,
unidentified material. The two most prominent features from
our experimental spectrum, taken at 785 nm (1.58 eV) and
10% intensity (of 100 mW), are observed at 187 and 340 cm™.
The V,0; Raman spectrum has a strong peak at 140 cm™" and
a mixture of the By, and B;; modes and reflects the long-range
order of the in plane V—O layers.”® Neither the RRUFE
spectrum taken at 532 nm laser nor the V,05 Raman spectra
have a feature at 340 cm™'. Additionally, our experimental
spectrum does not have any features above ca. 551 cm™
(Figure S7), while both the RRUFF 780 and 532 nm spectra
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have features at 995 cm™". Thus, neither RRUFF spectrum can
be considered pure VS,.

To clarify the ambiguities in the available Raman
spectroscopic data in the literature, we determined the
Raman spectrum of patronite, VS,, using DFT calculations.
The Raman active phonon modes and their corresponding
normalized intensities are given in Figure 7 (red bars). We
identified seven Raman active modes for the VS, patrdnite
structure. The modes at 192 and 215 cm ™" are attributed to V—
S bond stretching. The mode at 356 cm™" is a breathing mode
of the V,S,-cages. The modes at 265, 289, 550, and 562 cm™!
are identified as S—S bond stretching/twisting. Atomic
structures and animations of phonon modes are given in the
Supporting Information. Figure 7 shows the overlay plot of
these computational results with experimental results, which are
in good agreement, with a mean absolute percentage error of
2% and a standard deviation in absolute percentage error of 1%.
The 340 cm™ peak shows the largest error at 16 wavenumbers
or 4.7%.

No vibrational modes above 565 cm™" were found from the
calculated spectrum, providing further evidence that the spectra
provided in the RRUFF database correspond to samples that
have beam damage. We have also computed the phonon
spectra of monoclinic VO,, which like VS,, contains bonds
between V* and —2 anions (O* vs S,*7). The highest
frequency for VO, was 667 cm™. Thus, it seems physically
unlikely that a 995 cm™ mode corresponds to VS,.

Films grown at 150 °C had a similar Raman spectrum;
however, films grown at 250 °C became Raman silent as
expected for V,S; (Figure S8). No signs of other vanadium—
sulfur species were observed in Raman spectra for films grown
at 250 °C. These films were much less susceptible to beam
damage at 785 nm and 100% intensity of 100 mW and
appeared stable for minutes under these conditions. From the
XRR, XRD, and Raman spectroscopy experiments, as well as
DFT calculations, it appears that films grown at 150 to 200 °C
can be assigned to VS, while crystalline V,S; starts to grow by a
different mechanism before 250 °C but after 200 °C.

XPS was performed on two sets of samples grown at 150,
200, 250 °C on native oxide Si and fused quartz (Figure S16);
no difference was noted between substrates. The spectra are
dominated by V and S photoelectron and Auger signals and
show no observable difference in elemental composition
between temperatures. In addition to V and S signals, weak
O, N, and C signals are present in the survey spectra. High-
resolution scans (0.05 €V steps) of two spectral regions were
performed (Figure S17). For all specimens, the separation
between peaks of the V doublet is Ay = 7.6 e€V; the peak V
2p3;, and V 2p,,, positions are near 513 and 520 eV,
respectively, and the peak shapes are asymmetric. These data
suggest that the V present within the films is metallic as
opposed to an expected V.S, species. However, reduction of
transition metal oxides and sulfides under Ar* bombardment is
well-documented.””~"" The high probability of reduction makes
chemical analysis through XPS inconclusive. However, a small
(~1 V) and systematic shift to higher binding energy observed
with a decrease in deposition temperature suggests an increase
in oxidation state for the 150 and 200 °C grown films. This is
consistent with both Raman spectroscopic and X-ray diffraction
data which identifies films grown at 150 and 200 °C to be V**
and 250 °C to be V**.

The binding energy of the S 2p;, signal in all three films is
centered near 162 eV (Figure S17), in line with literature values
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for metal-sulfide binding energies.”” In the S 2p signal, we
observe a small (~0.5 eV) and systematic shift to lower binding
energies in films grown at lower temperatures, which may
indicate a difference in oxidation state. However, it is difficult to
conclude chemical state from this data due to the unknown
bonding configuration of S after Ar" ion reduction of the V.S,
compounds. Further, literature values report that the binding
energy of S 2p;, for both V,S; and VS, fall between 162 and
163 eV,”*”* making tenuous any conclusions derived from the
apparent shift in the S 2p data. Finally, the S/V integrated peak
intensity ratios are approximately equivalent for films grown at
150 and 200 °C (3.35 and 3.47, respectively, 4 expected for
VS,), while the ratio for the film grown at 250 °C is 2.99 (1.5
expected for V,S,). While these numbers are not in agreement
with expected values, the rate of sputtering is known to be
greater for S than transition metals.”* Notwithstanding different
sputtering rates, the increased relative concentration of V in the
250 °C film is consistent with a larger phase fraction of V,S;
within those films.

In light of these conclusions, we hypothesize the H,S half-
cycle surface reaction mechanism to follow two distinct
pathways. Until 200 °C, an oxidative mechanism occurs
which generates S—S bonds and thus disulfide dimer moieties,
S, 7% as shown in eq 3:

(=S)V" + H,S = (=), L VSH) + ol
where the asterisk (*) denotes a surface species. From this
process, V is also oxidized from 3+ to 4+ and H, is produced.
Alternately, S,”* and V oxidation could occur through a series
of radical-induced transformations. Either mechanism would
grow VS,. No H, was observed in QMS data during the H,S
pulse, suggesting radical surface chemistry; however, more
detailed studies would be required to confirm a mechanism.
Above 200 °C, the surface chemistry may follow eq 2, in which
repopulation of the surface sulthydryl species occurs without a
change in precursor oxidation states (formally V** and S7'),
resulting in growth of V,S;. It is unlikely that V,S; is formed via
decomposition of VS, above 200 °C, as VS, has previously been
shown to be stable up to 400 °C.” Furthermore, VS, can be
synthesized from V,S; and Sg at 400 °C.*

Scanning electron microscopy (SEM) was performed on
AAO disks (aspect ratio of ca. 250:1) coated with ~22.2 nm of
VS, at 200 °C. (Figure S18) It can be seen that this middle
portion of the channel is coated without voids. Additionally, no
pinching occurs at the open end (200 nm wide channel) of the
disk as a result of the VS, growth. Vanadium can be seen
throughout the length of the channel by EDX (Figure S19).
The small end of the channel is closed, as expected given the
amount of VS, grown (22.2 nm) is much greater than half the
diameter of the small opening (ca. 10 nm).

Finally, bulk electrical properties of VS, and V,S; films were
investigated with Hall measurements, tabulated in the
Supporting Information, which show a growth temperature
dependence on the resistivity and mobility of films grown from
150 to 250 °C. The resistivity of VS, films decreases between
growth temperatures of 150 and 200 °C, 3.63 X 10™* to 3.83 X
107 Q cm, with a corresponding increase in mobility, 5.65 X
1072 to 1.48 X 107! cm?/(V s). A second difference between
VS, and V,S; is shown by an increase in resistivity, from 3.83 X
107° to 3.19 X 107" Q cm, while mobility remains
approximately constant, 1.48 X 107! to 1.54 x 107" cm?/(V
s), for films grown at 200 and 250 °C.
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IV. CONCLUSION

Patronite, VS, thin films were grown for the first time without
a structure—directing template. Self-limiting surface reactions of
the tris(N,N’-diisopropylacetamidinate) vanadium(III) (V-
(amd);) and H,S process were observed to produce dense,
polycrystalline V,S; films at temperatures above 225 °C, while
lower temperature deposition results in amorphous or weakly
crystalline VS,. In situ studies suggest that nearly all amidinate
ligands are lost in the V(amd), half-cycle, which complicates
the determination of H,S half-cycle surface chemistry. The first
non-beam-damaged VS, Raman spectrum was acquired and
corroborated with DFT calculations. The novel low temper-
ature ALD process adds two new metal sulfide phases to the list
of ALD-accessible materials.
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