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A B S T R A C T

Aerosol deposition (AD) is commonly employed as a material processing step to generate coatings on substrates.
In AD, aerosolized powders are passed through a nozzle and impacted at supersonic speeds onto the substrate.
Plastic deformation of particles upon impact yields coatings with near bulk density. One key, unexploited
advantage of aerosol processing is the ability to homogeneously mix disparate materials in the gas phase
without concern over chemical compatibility or separation. Here, by using a custom-made voice-coil hopper
injection (VHI) system for tunable injection of elemental powders, we demonstrate that AD can be applied
directly in materials synthesis, depositing elemental precursor powders into homogeneous, dense coatings at
adjustable atomic ratios. We examine the potential of combinatorial AD within the context of binary bismuth–
antimony thermoelectric coating synthesis, adjusting the bismuth–antimony atomic ratio from 0.88:0.12,
0.75:0.25, to 0.5:0.5 and demonstrating that strongly adhered bismuth–antimony coatings can be produced
via AD. Post-annealing is shown to yield solid bismuth–antimony solutions with thermoelectric properties
approaching coatings produced by AD of pre-made, bismuth–antimony powders. Experiments are supplemented
by molecular dynamics simulations of Bi and Sb nanoparticle sequential deposition, which reveal that the
coating consolidation proceeds by plastic deformation and fracture of particles upon deposition.
1. Introduction

Versatile materials processing techniques, which can be used not
only in materials manufacturing but also as a means for rapid syn-
thesis during materials discovery, are highly desirable. For example,
thermoelectric (TE) materials, which are typically binary, ternary, or
quaternary compounds with additional dopants, are widely used in
energy conversion applications because they can directly transform
thermal energy into electrical energy [1]. There is interest in develop-
ing techniques to produce TE coatings with a variety of form factors
(geometries) for a variety of applications, such as micro-TE genera-
tors [2] and micro-TE coolers [3]. There is also interest in developing
accelerated high-throughput approaches to TE materials-discovery [4]
as even for binary compounds, phase diagram mapping can require
time-consuming solid-state synthesis methods. This could better be
accomplished by automatically producing samples of systematically
varied composition. Conventional TE coating deposition methods, such
as electrophoretic deposition [5,6] and sputtering deposition [7,8],
are also restricted by low growth rate as well as high production
costs, and usually make coatings with high porosity, which adversely
affects coating performance. They are further limited by the ability to
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easily tune coating chemistry as a means to probe the thermoelectric
properties of different alloys.

A potentially more tractable route to producing TE coatings with the
prescribed form factor and the ability to tune chemistry for TE materials
discovery is aerosol deposition (AD) [9]. AD, also known as vacuum
cold spray, is a solid-state particle deposition method wherein the par-
ticles, typically dispersed into an aerosol at atmospheric pressure, are
accelerated to supersonic speeds through a converging or converging-
diverging nozzle at near-vacuum conditions downstream. Particles then
inertially impact onto target substrates beneath the nozzle, and with the
nozzle rastered the coating form factor and thickness can be controlled.
Importantly, particles with specific kinetic energies [10] falling into
a narrow band [11–13] experience plastic deformation upon impact.
When tuned properly, aerosol deposited particles are consolidated into
near bulk density coatings with strong adhesion to the substrates;
too low an impact velocity typically yields porous, weakly adhered
coatings, and too high a velocity leads to substrate erosion [10].

A large number of proof-of-concept studies using AD to successfully
print wide range of coating types onto different types of substrates
have been carried out in the past several decades [14–16]. Most of
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these studies are carried out with a single particulate precursor type,
and without any chemical modification on precursor powder, e.g. 𝛼 −
Al2O3 coatings onto polycarbonate substrate [17], Ag coatings onto alu-
mina substrate [18], YSZ coatings onto aluminum substrate [12], TiO2
coatings onto glass [19,20], and PMN-10PT thick films onto stainless
steel [21]. However, single precursor powder use with AD does not fully
exploit one of the key advantages of aerosol materials processing. In
an aerosol, particles do not chemically interact with one another (such
dispersions are dilute, and collision events are minimal during system
transport time scales). Therefore, provided different particle types can
be dispersed into an aerosol at controlled rates, mixing of nearly any
combination of precursor materials is possible. In this instance, AD
should yield a well-mixed deposit of all precursor powder particles,
and because of the elevated kinetic energies during particle impact,
AD may yield partial alloying as part of the impact process (in selected
circumstances). Post-deposition annealing can be used to further alloy
the materials together.

The use of multiple precursor particles with controlled relative
injection rates would enable the use of AD towards materials discovery
and coating production without the need for a priori synthesis of the
coating (i.e., simpler element feedstock powders could be employed).
However, to our knowledge, an AD implementation along these lines
has not been experimentally realized. It appears the main reason for
this is that controlled aerosolization of multiple solid powders si-
multaneously is difficult with commonly employed powder injection
approaches; with a single precursor controlled injection is less of an is-
sue as the rastering rate can be adjusted to compensate for the injection
rate. Recently, Sinclair et al. [22] demonstrated that voice coils could
be implemented in powder injection systems (though not for aerosols)
to control mass flow rates of particles for applications in additive
manufacturing. Here, we extend upon this approach to develop and
apply a voice-coil hopper injection (VHI) system to disperse multiple
powder feedstocks into an aerosol, enabling in-parallel deposition of
multiple feedstocks. Given the noted importance of TE materials, and
the need to develop coating and materials discovery processes for TE
materials, we examine the performance of VHI-system facilitated AD
in produced bismuth–antimony (bismuth–antimony) alloyed coatings.
Bismuth–antimony alloys particularly have demonstrated strong ther-
moelectric performance at cryogenic temperatures and are one of the
best TE materials at room temperature [23].

In the subsequent sections, we experimentally demonstrate the ap-
plication of a VHI system towards the controlled injection of Bi and Sb
elemental powders and the successful production of bismuth–antimony
alloys through in-parallel AD with post-annealing. Furthermore, similar
to prior simulation efforts [24], to provide greater insight into the
in-parallel AD of multiple powder feedstocks, we utilize molecular
dynamics (MD) simulations of Bi and Sb nanoparticle impacts onto a
substrate and one another. Such simulations enable insight into the
thermal and mechanical evolution of particles and the coating consoli-
dation process [25–27]. Combined, the presented experimental studies
and MD simulations demonstrate successful tuning of the bismuth–
antimony coating composition, alloying post-deposition, and reveal the
mechanism of coating formation via deformation, melting, and satellite
particle-ejection, with successive deposition leading to densification.

2. Materials and methods

2.1. Precursor synthesis

For the parallel deposition of bismuth (Bi)–antimony (Sb) coat-
ings, Bi (99.5%, Sky Spring) and Sb (99%, Aldrich) powders were
applied and compared to pre-alloyed bismuth–antimony deposition.
Bi (99.999%, Alfa Aesar) and Sb (99.999%, Alfa Aesar) pellets were
used as the starting materials to prepare alloyed bismuth–antimony
alloyed powder; their atomic ratio was adjusted to yield Bi0.88Sb0.12.
Bi and Sb pellets were sealed and melted in a quartz ampoule under
2

vacuum to produce alloys. After melting and resolidification, solid
ingots of bismuth–antimony were annealed at 200 ◦C for 12 h to
ensure compositional homogeneity throughout the mixed precursor
compound. Annealed bismuth–antimony was then transferred into a
stainless-steel milling container and sealed under an argon atmosphere
(glove box). The milling process for the solid mixture was carried out
with a high-energy ball milling machine (SPEX, SPEX SamplePrep) in
isopropanol with yttria-stabilized zirconia (YSZ) milling balls for 2 h.

2.2. Voice coil aerosolization & coating deposition

Fig. 1 depicts the experimental system used in coating produc-
ion, including a schematic diagram (Fig. 1a), the performance of
he voice coil (H2 W Technologies)-hopper injection (VHI) system
Fig. 1b). Traditionally used in short stroke closed-loop servo ap-
lications, voice coil operating frequencies and amplitudes can be
aried with a function generator, and in the VHI system, this leads
o controlled, high-frequency vertical oscillations of the hopper and,
onsequently, the discharge of powder particles from the hopper at
n adjustable-rate [22]. The VHI system can be used to uniformly
ispense precursor powders across a range of powder materials, which
s evidenced in Fig. 1b. In Fig. 1b, we plot the mass dispensed as a
unction of time (measured via a mass balance), for Bi, Sb, and Te
icropowders, with the latter also shown to demonstrate applicability
o additional materials. The discharge rate is observed to be extremely
onstant (highly linear plots) for all powders over one minute. At the
ame time, the discharge rate varies with particle composition and
ozzle outlet diameter, alongside vibration frequency; hence the VHI
ystem needs to be calibrated for each powder utilized.
Prior to coating deposition, the particle size distribution of the

recursors was determined using an aerodynamic particle sizer (APS;
SI Inc, model 3330) and via scanning electron microscope images. APS
easurements were made by sampling particles ejected from the VHI
ystem and directed into the APS using dry air. Similar approaches for
etermining the size distribution of variable powders were reported in
revious studies [28,29].
The deposition experiments performed were divided into in-series

erosol deposition and in-parallel aerosol deposition. For in-series AD
mixing followed by AD), alloyed Bi0.88Sb0.12 powder was used as
aerosol precursor. For in-parallel AD (mixing during AD), Bi and Sb
powder were dispensed by two VHI systems; the desired bismuth–
antimony ratio in the aerosol precursor was obtained by tuning the
frequency, the amplitude of the voice-coil-based powder dispenser and
relative flow rate of compressed gas passed through powder dispenser
nozzles. For both types of experiments, the system depicted schemat-
ically in Fig. 1a was utilized. With the voice coil or voice coils set to
target frequencies, a total of 10 slm (standard liters per minute) of N2
passed through the VHI nozzle outlets (with flow rates weighted by the
target bismuth–antimony ratio in parallel experiments). An additional
5 slm of N2 was added to further dilute precursor aerosol, yielding
a particle flow at pressure 545 torr. The furnace in Fig. 1 was an
optional component to heat the gas prior to expansion in the nozzle,
but it was not employed in the current study. This flow was then
sent to a converging-diverging slit nozzle impaction system, whose
operation and dimensions are described in detail in Li et al. [11], Ghosh
et al. [13], and Adamczyk et al. [30]. The slit nozzle has a throat
width of 0.2 mm, and in it, particles were accelerated to supersonic
speeds, entering a chamber at a pressure of 10 torr. Although the
upstream operating pressure utilized in the present study is slightly
lower than the atmospheric pressure operation used previously, prior
simulations [11,12] suggest that ceramic particles in the 200 nm–2 μm
diameter range achieve impact velocities in the 400–520 m s−1 range,
with the velocity decreasing with increasing particle diameter beyond
2 μm in diameter. The deposition velocity was therefore estimated to
be hundreds of meters per second for the experiments reported here.

6.7 millimeters below the nozzle, 6 quartz 1 cm × 1 cm substrates
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Fig. 1. Experimental setup (a) and powder mass as a function of time (b).
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ere placed in a substrate holder. The holder was linearly translated
t a speed of 1.06 mm s−1 perpendicular to the particle-laden flow,
mpinging upon the substrates. Simulations also indicate that under
hese conditions, Bi and Sb particles in size range aerosolized should
mpact the substrate with 100% efficiency, and while they may not
dhere with perfect efficiency, this should facilitate coating formation.
he main concern in coating experiments is, therefore, not ensuring
article impact with the substrate but instead ensuring consolidation of
aterial upon impact. In total, we produced coatings varying the depo-
ition time from 1 min to 10 min for pure Bi, Bi0.88Sb0.12, Bi0.75Sb0.25,
nd Bi0.50Sb0.50 with parallel AD. We only produced Bi0.88Sb0.12 with in
eries AD. The majority of as-deposited samples were then annealed at
00 ◦C for 1 h in argon gas.

.3. Material characterization

X-ray diffraction (XRD) measurements were performed to charac-
erize the crystal structure and phase for the precursor powders (Bi,
b, and alloyed bismuth–antimony) and also for both annealed and
n-annealed, deposited coatings on quartz substrates. The XRD spectra
ere acquired with a D8 Discover diffractometer (Bruker, Billerica,
A) using a Co radiation source (CoK𝛼, 𝜆 = 1.78897 Å). XRD patterns
or powder and coatings samples were collected for 2𝜃 angle in the
0–95◦ range, with a step size of 0.01◦. LaB6 was used as an internal
tandard to account for instrumental peak broadening when inferring
rystal sizes. MDI JADE software was used to identify phases and
stimate crystallite sizes from diffraction peaks using the Scherrer equa-
ion. TOPAS V7 Academic was used to perform Rietveld refinement and
btain the elastic strain.
The coating surface morphologies, microstructures, and porosities

ere examined using a scanning electron microscope (SEM, SU8230)
quipped with an energy-dispersive X-ray spectrometer (EDS). SEM
easurements were collected with an acceleration voltage of 20 kV and
working distance range from 5 mm to 15 mm. As noted above, the
ize distribution of precursor powder was obtained by an aerodynamic
article sizer (APS); APS measurements were verified by manual size
easurements with SEM images of more than 1000 particles. The ele-
ental distribution and composition of as-deposited and post-annealed
oatings were determined with EDS measurements. EDS spectra were
cquired from 0 to 20 keV and analyzed using the Pathfinder software
ackage (Thermo Scientific).
3

.4. Thermoelectric transport property measurement

The room temperature Seebeck coefficients of the as-deposited and
ost-annealed coatings were measured in a custom apparatus, in which
n 8–10 K temperature gradient was made laterally across each sample
hile the voltage drop across the sample was measured. Resistivity
easurements were also made with a custom setup with a Van der
auw four-point geometry. The pin spring contacts were positioned at
he corners of each coating sample to measure resistivity. Finally, the
arrier concentrations and mobilities of each coating were measured by
he same apparatus in the same configuration but done in a magnetic
ield.

.5. Large-scale atomistic simulation

To complement experiments and further investigate Bi and Sb par-
icle mechanical and thermal responses during the coating consolida-
ion process, we performed a series of large-scale molecular dynamics
MD) simulations with LAMMPS (Large-scale Atomic/Molecular Mas-
ively Parallel Simulator) [31] via the Minnesota Supercomputing In-
titute (MSI). Throughout the simulations, a two-body Morse potential
orm was used to represent the short-range interatomic interaction for
he system. The potential parameters for bismuth–bismuth, antimony–
ntimony, and bismuth–antimony were adopted from previous studies
herein these potentials were derived from density functional the-
ry [32,33]. In simulations, we considered two deposition scenarios.
irst, a spherical single-crystal Bi nanoparticle deposited at veloci-
ies of 500 m s−1 and 600 m s−1 on a Bi substrate. Second, two Bi
anoparticles at 500 m s−1 were impacted on a Bi substrate next to one
nother, and after this first impact event, a subsequent Sb nanoparticle
ith 500 m s−1 incident velocity was deposited upon the previously-
eposited Bi particles. A Bi substrate was used in both scenarios with
imensions of 202 nm × 23.5 nm × 202 nm (41,400,000 atoms). In lieu
f simulating quartz as the substrate material, we simulated bismuth as
he substrate material because we are interested in the coating growth
rocess wherein depositing particles collide with previously deposited
nd consolidated bismuth and antimony. A 100 nm (14,877,066 atoms)
iameter Bi particle was used in the first scenario, and two 65 nm
iameter Bi particles and a 65 nm diameter Sb particle were used in the
econd scenario. The substrate and particle used in simulations were
uilt from their corresponding unit cells. The substrate was divided
nto three different layers through the simulation: a Newtonian layer
ith a 300 K initial temperature and simulated as unthermostatted
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Fig. 2. Morphology of atomized bismuth powder (a), antimony powder (b), and size distribution derived from SEM micrographs and aerodynamic particle sizer (c).
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during deposition, a thermal layer (thermostat layer) that is simulated
in an NVT (constant temperature) ensemble at 300 K to maintain room
temperature, and an immobile layer. Prior to the impact event, the
particle was placed 20 Å above the substrate, and both the thermal
layer and Newtonian layer in the substrate, as well as the nanoparticle,
were simulated in an NVT ensemble at 300 K via a Nose–Hoover
thermostat for 250 ps. The time step used through the simulation
was 0.5 fs. NVE relaxation was applied for another 100 ps ahead of
the impact event to further thermalize the system. The microstructure
and final morphology of the particles were visualized with the OVITO
software package [34]. We specifically examine local and global parti-
cle temperature distributions throughout the deposition process, which
were calculated following the approaches described in Song et al. [25]

3. Results & discussion

3.1. Voice coil-hopper injection-deposited coatings

The primary goal of the current study is the demonstration of
tunable elemental ratios and spatially uniform elemental distributions
in the parallel deposition of Bi and Sb, with the secondary goal of
understanding the influence of post-processing (annealing) on coating
crystallinity, using simulation to provide insight into coating con-
solidation at the nanoscale, and quantifying coating thermoelectric
properties. The size distribution of Bi and Sb precursor powders de-
termined from SEM micrographs are compared to the size distribution
derived by using an aerodynamic particle sizer. The typical morphology
of precursor powder particles, as observed via SEM, and size distribu-
tion results are shown in Fig. 2. Qualitatively, we find that Bi particles
are more spherical than the Sb particles. Size distributions for both
particle types are based upon projected area equivalent diameters in
SEM, which are not equivalent to diameters from aerodynamic mea-
surements (defined as the equivalent diameter in terms of mass-to-drag
ratio). Nonetheless, the size distributions inferred from SEM images and
aerodynamically are in excellent agreement with one another, yielding
geometric mean diameters of 1.94 μm and 2.38 μm for bismuth and
antimony powders, respectively. The good agreement between the two
measurement approaches demonstrates that powders were dispersed
into an aerosol relatively unagglomerated, and we conclude that the
VHI system enables the successful aerosolization of micrometer-scale
powders.

The XRD patterns of the precursor powders are displayed in Fig. 3a,
both for the separate Bi and Sb powders, as well as pre-alloyed powder.
The diffraction peaks in the Bi and Sb precursor powders match the
reference peaks (Bi: PDF 98-001-5992, Sb: PDF 98-001-5986) with a
rhombohedral structure, and we did not observe peaks corresponding
to oxidized phases in the precursor. The strongest diffraction peaks
(012) for Bi and Sb precursor powders are at 31.65◦ and 33.4◦ (2𝜃),
respectively. For the alloyed Bi0.88Sb0.12 precursor powder, we observed
eaks were shifted to higher (2𝜃) angles in the comparison to the
eference peaks; for example, its Bi (012) reflection was shifted to
1.85◦. There is complete solid solubility in the bismuth–antimony
4

ystem, and thus increasing the concentration of Sb shifts the (012) o
reflection to larger values [35,36]. Due to the presence of Sb in the
alloyed precursor powder, there was also a low-intensity characteristic
peak at 33.38◦.

Fig. 3b displays the XRD pattern for the as-deposited Bi and
bismuth–antimony coatings, with the VHI and aerosol deposition sys-
tems operated as described in the methods section. Notably, in compar-
ison to the precursor powder, the as-deposited coatings have broader
peaks. For the Bi precursor powder and as-deposited coatings, we infer
crystal sizes 136 nm and 74 nm, respectively. Peak broadening is
attributable to a loss of crystallinity and the generation of micro-strain,
commonly observed during AD processes for both metal and ceramic
particles [37–39]. In addition, the thermal expansion anisotropy (TEA)
can also lead to residual stress and crystal fracture resulting in peak
broadening, which has been investigated in previous research [40,41].
The enlarged view of the (012) reflection of as-deposited coatings
shown in Fig. 3c also demonstrates a noticeable peak shift in both the
n-parallel-deposited and in-series-deposited bismuth–antimony binary
oatings, especially in Bi0.88Sb0.12 coatings. The peak shift in the in-
eries-deposited material is not surprising, given that it is pre-alloyed
owder. However, observation of peak shift in the parallel-deposited
oating is suggestive of some degree of alloying during the deposition
rocess, where the Sb atoms replace the Bi atoms in the Bi lattice.
hough less likely, other possibilities include two unresolved peaks
n the in-parallel deposited spectrum. We also find evidence that
eposition leads to some degree of oxidation, even in an environment
ept at low levels of O2, as an oxidized bismuth phase was found in
i and bismuth–antimony coatings (Fig. 3d). While the bismuth oxide
eaks detected are low in signal intensity, we note that such peaks were
ot discernable in the precursor powders. We attribute the formation
f an oxidized phase to the transient but extremely high temperature of
i particles during deposition processes. As shown in prior simulations
uring aerosol deposition, translational-to-thermal energy conversion
n particles leads to transient particle heating before energy is entirely
issipated into the substrate or existing coating [42]. This is likely
articularly important for Bi, which has a low melting temperature
nd may enter a semi-molten or molten state during the coating
rocess. We provide further evidence for this, along with evidence for
ncorporation of Sb into the Bi crystal structure during deposition, with
D simulations subsequently.
We utilized a scanning electron microscope to investigate the mi-

rostructure and morphology of the as-deposited coatings. Without
astering the substrates beneath the nozzle, a bismuth–antimony line
as deposited in-parallel, and is shown in Fig. 4a (left). We exam-
ne this coating first as a such frustum, pyramid-shaped coatings are
ommonly observed in lines deposited by gas dynamic cold spray
nd related approaches [18,43,44], presumably due to aerodynamic
ocusing of particles in nozzle systems, which is a strong function of
article size [11]. The success of bismuth–antimony line deposition
ndicates that the property differences and size distribution deviation
n Bi and Sb particles did not hinder coating growth. However, the
rack observed in the bismuth–antimony pyramid frustum is likely
ue to the internal stress accumulated within the deposit, which is

f concern and needs to be examined in preparing more extensive
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(

Fig. 3. XRD pattern for bismuth, antimony, and alloyed Bi0.88Sb0.12 powder (a), as-deposited coatings with variable bismuth–antimony ratio (b) an enlarged view of (012) reflection
c), bismuth oxide phase found in as-deposited films (d).
Fig. 4. Line-deposited Bi0.88Sb0.12 pyramid (left), cross-section view SEM image for as-deposited Bi0.88Sb0.12 coating (middle), surface morphology of as-deposited coating with yellow
arrows pointing to splats (right) (a). Zoom-in view of particle splats and satellites (left and middle) and post-annealed coating surface morphology (right) (b). Side view SEM
image for as-deposited Bi0.88Sb0.12 coatings with increasing deposition period (c).
area coatings. The cross-section and the surface morphology of as-
deposited, in-parallel coatings are presented in Fig. 4a, as the center
and rightmost images, respectively. As evidenced by observed resul-
tant surface morphology, the VHI deposited coatings have relatively
higher roughnesses in comparison to the coatings manufactured by
high-temperature processes, indicating that during deposition, particles
do not completely coalesce with the pre-existing coating (i.e., while
deposition facilitates deformation and changes at the atomic level, as
evidenced in XRD, SEM images show coatings retain particle features
at the top, most recently deposited level). There are also clear regions
containing particle ‘‘splats’’, commonly observed in thermal plasma
deposition processes wherein particles are molten before colliding with
the substrate [45]. We mark such regions with yellow arrows in Fig. 4a
5

(right), and these areas are observed at higher magnification in Fig. 4b
(left and middle). Upon viewing at higher magnification, we observe
that these regions contain submicrometer particles not observed in
the original size distribution. Presumably, these satellite particles are
formed during the deposition of semi-molten material. We later confirm
this through atomistic simulations.

To gain insight into the coating solidity within the depth of the
coating, we cut through the as-deposited coating samples and ob-
tained side-view SEM images. As displayed in Fig. 4a (middle), the
as-deposited bismuth–antimony coatings were highly dense, and only
a few cracks or pores were found in the coatings. While coating
surfaces are rough, the resultant dense structure in the as-deposited
coatings can be attributed to a ‘‘hammering’’ effect characteristic of
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Fig. 5. Surface (a), side-view (b) SEM images and EDS chemical mappings for the as-deposited Bi0.88Sb0.12 coating, and for a post-annealed Bi0.88Sb0.12 coating, with a zoomed-in
nset (c).
Fig. 6. XRD pattern for as-deposited and post-annealed coatings with variable bismuth–antimony ratios (a), enlarged view of (012) reflection (b), and interplanar distance as a
unction of sin2(𝜙) for as-deposited and annealed Bi0.88Sb0.12 coating (c).
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D, where multiple particle impacts on top of deposited material
ead to densification [10,46]. Fig. 4a cross-sectional SEM image also
enables examination of the adhesion between the substrate and coating;
coatings appear well-adhered to substrates, but without substrate pene-
tration or damage, observed at higher velocities and harder depositing
materials. Fig. 4c displays a sequence of side-view bismuth–antimony
coatings (without cutting into the coating, hence surface roughness is
evident) with an increased deposition period. Continuously increas-
ing thickness indicates tunable coating thickness, alongside tunable
elemental composition, is possible by adjusting deposition time.

A surface SEM image and EDS mapping for parallel-deposited
Bi0.88Sb0.12 coating are displayed presented in Fig. 5. EDS measurements
were taken at multiple positions on the surface of the coatings to study
the homogeneity of elemental ratio in the as-deposited coatings. We
observe that both Bi and Sb elemental distributions are relatively ho-
mogeneous throughout the sample surface at the micro-scale. Side-view
EDS mapping results also demonstrate that Bi and Sb particles were
mixed vertical as coating growth occurred. Homogeneity is maintained
upon annealing parallel-deposited coatings (Fig. 5c), although the inset
of Fig. 5c shows there were some peculiar whiskers that developed on
the surface of post-annealed coatings with lengths of few μm.

Fig. 6a displays the XRD pattern for a series of as-deposited and
nnealed coatings with a zoom-in of the Bi (012) peak in Fig. 6b. While
nnealing does lead to shifts in the (012) peak location, interestingly,
e observe larger peak shifts with lower Sb concentrations. At the same
6

r

ime, after the annealing process, the Sb (012) reflection disappeared in
i0.88Sb0.12 coatings but still can be observed with a diminished inten-
ity for higher Sb-doped coatings. These combined findings suggest that
he alloying was only complete in Bi0.88Sb0.12 coatings and longer post-
nnealing process is required to make alloying complete in Bi0.75Sb0.25
nd Bi0.5Sb0.5 coatings.
We do not observe substantial changes in inferred crystal sizes

hrough annealing. To further investigate the effects of post-annealing
n the coatings, we performed tilt-angle-dependent XRD measurements,
lso known as the sin2(𝜙) method, for the (104) reflection at tilting
ngles (𝜙) from 0 to 60◦. The inferred interplanar spacing as a func-
ion of sin2(𝜙) is presented in Fig. 6c. For the as-deposited coatings,
e find that the interplanar spacing reduces with an increase in tilt
ngle, accordingly suggesting there are compressive in-plane residual
tresses developed during the AD process. While compressive in-plane
tress remains in annealed coatings, where the interplanar spacing also
educes with tilt angle, we find a reduced magnitude of the sensitivity
o tilt angle, suggesting annealing reduces residual stress. In addition to
he compressive stress caused by deposition, there are likely additional
tresses caused by the thermal mismatch with the alumina substrate
nd thermal expansion anisotropy. Calculation of thermal substrate
ismatch stress requires significant assumptions of the temperature-
ependent mechanical properties that cause an overestimation of the
tresses. As such, the calculation of the elastic strain from Rietveld

efinement should incorporate all strain effects yielding a single stress
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Table 1
VHI operating parameters and bismuth–antimony elemental ratios found in the as-deposited coatings, extracted from EDS spectra.

VHI frequency (Hz) VHI amplitude (V) Nozzle
diameter (mm)

As-deposited
bismuth–antimony ratio

Expected
bismuth–antimony ratio

Bi Sb Bi Sb Bi Sb

Bi0.88Sb0.12 600 520 3.5 1.2 0.8 0.5 11.59 ± 0.33 12.59
Bi0.75Sb0.25 520 650 3.0 3.5 0.8 0.6 5.37 ± 0.71 5.15
Bi0.5Sb0.5 500 680 3.0 4.0 0.8 0.8 2.24 ± 0.12 1.72
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Fig. 7. EDS spectra for bismuth–antimony coatings with variable stoichiometries
integrated over complete image areas.

value. Negligibly small stress values of ∼0.01 MPa were refined for
annealed Bi and Bi0.75Sb0.25 samples, respectively. We also observe that
the interplanar distances for post-annealed coatings at all tilt angles
are smaller than the as-deposited coatings; this suggests the annealing
process improves the mixing of Bi and Sb elements, as more Bi atoms
in the Bi lattice were replaced by Sb atoms, and the lattice slightly
deformed, resulting in the overall Bragg angles shift to higher values.
Such changes in peak position and broadening are likely driven by the
changes in alloy chemistry rather than residual stresses.

The elemental ratios provided for coatings refer to that expected
based upon aerosolization rates. EDS spectra for coatings are provided
in Fig. 7 and confirm that as more Sb particles are aerosolized rela-
tive to Bi particles, the peaks for Sb elements have higher intensity.
The EDS-extracted bismuth–antimony elemental ratios for Bi0.88Sb0.12,
Bi0.75Sb0.25, and Bi0.5Sb0.5 are provided in Table 1 alongside the VHI
system frequencies and amplitudes in operation, nozzle diameters em-
ployed, and expected elemental ratios for the target mass ratio. Overall,
the bismuth–antimony ratio found in the as-deposited coatings is in
reasonable agreement with targetted values. The elemental ratio in the
Bi0.5Sb0.5 coatings has the largest deviation from the target, attributable
to powder size distribution-dependent VHI system aerosolization rates
and deposition rates in the system upstream of the nozzle. However,
even accounting for this deviation, VHI experiments reveal that in-
parallel deposited coatings with tunable composition can be produced,
which are dense, tens of micrometers in thickness, and which can be
annealed to produce alloys.

3.2. Atomistic simulation of coating consolidation

While demonstrative towards application, with few exceptions, ex-
periments in AD often do not provide insight into the mechanism of
coating formation and into the effect the high-speed impact process
has on both particles and substrates mechanically. To better understand
coating formation within the context of binary, in-parallel deposition
7

towards alloyed coatings, we utilize atomistic simulations. There are
several previous studies suggesting local melting occurs in the deformed
particles during high-speed impacts [47–49], which may be essential
to consider during in-parallel deposition. For example, recent studies
of cold spray deposition of pre-made SnBi alloys reveal a high degree
of particle melting occurs during the coating process [50].

Fig. 8a shows the global temperature evolution of a simulated
100 nm Bi nanoparticle with both 500 m s−1 and 600 m s−1 inci-
dent velocities during impact with Bi substrate. The insets depict the
morphologies and local temperature distributions of Bi nanoparticles
at the instance of its highest global temperature, marked by arrows
in the main portion of the figure. Global temperature evolution re-
sults indicate that the maximum global temperatures developed in Bi
nanoparticles impact at 500 m s−1 and 600 m s−1 are 1300 K and 980 K,
respectively. Determined in prior MD simulations, the melting temper-
ature of bismuth is near 558 K [51] (though for different potentials).
We, therefore, clearly observe that the maximum global temperature
in the bismuth nanoparticles is well beyond the melting temperature.
The high temperature within the nanoparticle can also lead to plasticity
within it during the deposition process, which is also reported in
simulations of hydroxyapatite nanoparticle impact [52]. As particles
exceed the melting temperature during deposition, they unsurprisingly
undergo drastic amounts of plastic deformation during the deposition.
While recent simulations suggest that melting is not necessary for
successful AD of ceramics, it appears highly likely that melting upon
impact facilitates coating consolidation for Bi and presumably for many
elemental precursors of interest in binary thermoelectric compounds
(e.g., SnTe, PbTe, Bi2Te3, etc.).

Common neighbor analysis (CNA) was employed to identify the
local crystalline of atoms within the nanoparticle [34,53]. While not
hown directly, we find that following deposition, the regions of the
i nanoparticle in contact with the substrate are no longer crystalline
with the nanoparticle a single crystal initially). Also, at the end of
imulations, we examined final particle morphologies (Fig. 8b), and
imilar to experiments, we observed particles had formed fractured
plat-like deposits. We also find that a number of small clusters are
mitted from the incident particle during the impact event and that
he particle is no longer a single continuous particle. This, too, is
onsistent with the coating surface morphology we observed in surface
EM micrographs. Atomistic simulations hence demonstrate that ex-
erimentally observed coating morphologies result from melting, high
eformation, and satellite particle ejection during the deposition for Bi.
e remark, again, however, that these observations are not universal in
D, e.g., atomistic simulations of higher melting temperature ceramic
aterials do not yield similar extents of plastic deformation, fracture,
nd satellite particle formation [54].
While there are a considerable number of prior atomistic simu-

ations of AD, to our knowledge, the majority of these efforts focus
n the impact of a single particle and not the build-up of a coating
hrough successive particle impact events. Fig. 9 displays the results
f simulations of layer build-up during in-parallel AD where two Bi
anoparticles are first deposited next to one another in tandem, and
n Sb nanoparticle is deposited in between (i.e., at the center of the
omain) the neighboring Bi nanoparticles. As indicated by Fig. 9a,
hich is a global temperature versus time plot, the first two deposited
i nanoparticles reach a maximum global temperature of more than
300 K, again leading to deformation, melting, and satellite particle
jection. However, we do observe some differences from the single
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Fig. 8. 100 nm Bi nanoparticle global temperature evolution (with local temperature distributions at maximum global temperatures shown) (a) and the morphologies of Bi
nanoparticle with 500 m s−1 and 600 m s−1 incident velocity at the end of simulations (b).
Fig. 9. The global temperature evolution of Bi and Sb nanoparticles during layer build-up (a), the nanoparticle morphology and local temperature distribution at the instance of
maximum global temperature for Bi and Sb (b). The morphology of two deposited Bi nanoparticles and a central deposited Sb nanoparticle at the end of the simulation (c).
nanoparticle deposition simulations; in Fig. 9b, we display the morphol-
ogy and local temperature distributions for both Bi nanoparticles at the
instance of maximum global temperature. For single Bi nanoparticle
impact, the highest temperature regions are located in the particle
8

radial periphery, with the reduced temperature at the particle center.
However, the high-temperature zone extends across the entirety of
both Bi nanoparticles deposited simultaneously. This extended high-
temperature area within the nanoparticles can be attributed to the
lateral interactions between two Bi nanoparticles during the impact

event, as they partially coalesce with one another. Subsequently, when
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Fig. 10. Transport properties for bismuth coatings, in-parallel deposited Bi0.88Sb0.12, and Bi0.88Sb0.12 coatings deposited with alloyed powder: Seebeck coefficient (a), resistivity (b),
carrier concentration (c), and mobility (d).
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the Sb nanoparticle deposits, global temperature evolution and mor-
phology results presented in Fig. 9a and 9b (top) indicates that the
ubsequent deposition event not only results in the second rise in Bi
anoparticle temperatures but also leads to additional deformation and
oalesce of the Bi deposits with one another (i.e., we confirm that
ubsequent deposition leads to a hammering effect). Fig. 9b (bottom)
dditionally shows that the Sb nanoparticle heats up the previous Bi
ayer. At the end of the simulations, the Sb nanoparticle global temper-
ture and the Bi nanoparticle global temperatures were still elevated,
s time is required for the nanoparticles to dissipate all thermal energy
o the substrate. While this suggests that the coating may have an
levated temperature during AD, we note that the time between Bi
mpact and Sb impact was only 50 ps in simulations, and realistically,
he average time between particle collisions with the substrate is 10−1–
02 ns (dependent on particle concentration in the system and the flow
ate), and hence heat likely fully dissipates between collisions. Finally,
e remark that although simulations can be used to provide insight into
anoparticle structural and thermal evolution during deposition, we do
ot simulate annealing, which would require longer simulation times
9

han possible for the potentials applied and at temperatures employed o
n experiments. Annealing, of course, leads to additional changes at the
tomic level, including new bonding (alloying) [55]

.3. Thermoelectric properties

The thermoelectric properties of pure Bi coatings, pre-alloyed
i0.88Sb0.12, and in-parallel deposited Bi0.88Sb0.12 were studied, both
efore and after annealing. Pure Bi was studied to provide a base-
ine material to compare the thermoelectric properties of in-parallel
eposited and in-series deposited coatings. Results are summarized in
ig. 10. Bi and Sb are both semimetallic in their elemental forms [56],
ut Bi exhibits 𝑛-type behavior and Sb, 𝑝-type behavior. For both
lemental materials, the origin of the majority carrier type (electrons
r holes) stems from the position of the Fermi level relative to the
espective band edge. For Bi, the Fermi level is deeper in the conduction
and (𝑛-type), while for Sb, the Fermi level lies in the valence band
𝑝-type) [57]. The moderate Seebeck coefficient measured for Bi is in
greement with prior measurements [58]; however, the high resistivity
nd low mobility appear to be the result of the plastic deformation that

ccurs during the deposition process. All bismuth–antimony coatings
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were found to show 𝑛-type semiconducting behavior, consistent with
he findings from previous reports [59,60]. The bismuth–antimony
lloy forms a full solid solution with a unique band structure that
hanges as a function of composition. Both elemental Bi and Sb do not
ave a gap (semimetallic behavior); however, between 2.3–22 atomic
ercent Sb doped into Bi, the bismuth–antimony alloy band gap widens,
nd semiconducting behavior is observed [60,61]. Evidence of the
idening gap is seen in Fig. 10a, where the pre-alloyed samples show
he highest Seebeck coefficient in comparison to the Bi and in-parallel
eposited samples. Pre-alloyed samples are disordered at the atomic
cale through substitutional alloying. Unlike materials that partition
nto multiple phases, the bismuth–antimony alloy system forms a
ingle phase where each atomic site contains either a Bi or Sb atom,
epending on the relative concentrations of the elements. This substi-
utional alloy behavior widens the band gap, as evidenced by the higher
eebeck coefficient, lower carrier concentration, and higher mobility.
n contrast, samples deposited from elemental Bi and Sb (unmixed)
recursors lack the atomic scale disorder required to open the band gap.
n-parallel deposition results in a mixture of discrete 𝑛-type Bi and 𝑝-
ype Sb grains that cause a reduced Seebeck coefficient as a result of the
ompeting 𝑛- and 𝑝-type behavior. The competing effects can be over-
ome by annealing and homogenizing the in-parallel deposited films
Fig. 10a), improving the Seebeck coefficient and mobility. Therefore,
hile the deposition process introduces significant plastic deformation,
onsistent with XRD measurements, achieving atomic-scale chemical
omogeneity of aerosol deposited films requires thermal treatment in
rder to drive mass transport and substitution within the coatings. At
he same time, we find that in-parallel deposition of atomic precursors
an be used to produce coatings of a target chemical composition, and
ith thermoelectric properties after annealing approaching in-series,
re-alloyed materials.

. Conclusion

We developed an in-parallel AD process to produce bismuth-
ntimony thermoelectric coatings with tunable compositions. By com-
ining a custom-developed VHI system with AD, we were able to
ontrol powder injection rates in AD, and we have successfully made
i0.88Sb0.12, Bi0.75Sb0.25, and Bi0.5Sb0.5 coatings with elemental homo-
eneity. We demonstrate that instead of using AD only as a final
rocessing step only to adjust the form factor, it can be applied as a
tep in materials synthesis. Materials characterization results for as-
eposited coatings indicate that Bi and Sb elements were mixed in AD,
nd post-annealing performed on the as-deposited coatings can help to
iden the band gap of the coatings, leading to improved thermoelectric
roperties.
Large-scale MD simulations were performed to supplement exper-

ments, permitting observation of the binary coating consolidation
rocess. Single-particle deposition simulation results indicate that the
i nanoparticles during AD experience extreme plastic deformation
ith high strain rates, melting, fracture, and satellite particle ejection.
imulations of sequential deposition of Bi and Sb nanoparticles reveal
hat sequential deposition of particles onto pre-existing layers facilitates
ensification. Satellite particle ejection observed in MD simulations
oincides with observations of such particles in SEM images.
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