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Size dependent arsenic volatilization in ErAs nanoparticle powders

Matthew R. Lewis,! Roddel A. Remy,? Bo E. Tew," and Joshua M. O. Zide™®
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The thermal stability of ErAs nanoparticles and bulk-like powders, synthesized by pulsed laser
ablation and direct reaction, respectively, is investigated up to 700 °C in N,. Thermogravimetric
analysis and XRD are used to monitor the decomposition temperatures and crystalline compositions
of the synthesized powders, respectively. Degradation of unagglomerated nanoparticle powders is
observed at 350 °C accompanied by the crystallization of amorphous Er,O5. Mass balance analysis
suggests that the mass loss occurs as a result of arsenic volatilization rather than congruent sublima-
tion of ErAs. Conversely, micron-sized agglomerated particles grown by direct reaction show little
evidence for degradation under similar thermal processing conditions. This significant decrease in
ErAs stability compared to agglomerated powders suggests a size dependence on the degradation
characteristics of ErAs. Published by AIP Publishing. https://doi.org/10.1063/1.5048191

Molecular beam epitaxy (MBE) growth of Ln-V:III-V
semiconductor nanocomposites has proven ideal for many
nanostructured material applications ranging from enhanced
tunnel junctions to photoconductive switches.'> Where thick
films are not required, such as THz photoconductive
switches,” the low growth rate of MBE can be seen as an
advantage. The abrupt interfaces achievable with this tech-
nique make it desirable for studying the fundamental proper-
ties of thin films with minimal defects.? However,
applications such as thermoelectrics, in which the III-V
semiconductor nanocomposite system excels, benefit from
thick films to maintain a temperature gradient across the
device. Thermoelectric devices made from 10 um thick n-
type ErAs:(Ings3Gag.47A8)0.8(Ing 52Alp.48A8)02 and p-type
ErAs:Ing 53Gag 47As demonstrated a power output of 1.12 W/
cm?, and a power output of 2.5W/cm? could be achieved
with devices consisting of 20um thick films.* Further
improvement has been achieved using segmented thermo-
electric elements consisting of 50 um ErAs:InGaAs and
300 um Bi,Tes. The increased material thickness combined
with an increased temperature gradient across the devices
yielded a power output of 6.3 W.? Work by Mayer and Ram
suggests that optimal film thicknesses of this material system
are likely on the order of 100—1000 pm, depending on device
geometry.® From these studies, it is evident that ITI-V semi-
conductor nanocomposites prove effective for thermoelectric
power generation but are optimal at film thicknesses that are
very time consuming for MBE growth.

Therefore, an alternative growth technique for these
nanocomposite films is desired. ErSb:III-V nanocomposite
growth has been achieved by MOCVD; yet, it is unclear
whether the high growth rates demonstrated by MOCVD-
grown GaAs can be obtained with this nanocomposite
system.”® Liquid phase epitaxy (LPE) and pulsed laser depo-
sition (PLD) are two promising alternatives that offer much
higher growth rates than MBE, with the potential advantage
of increased flexibility with respect to nanocomposite

¥ Author to whom correspondence should be addressed: zide@udel.edu

0003-6951/2018/113(16)/163105/5/$30.00

113, 163105-1

composition and morphology.”'® Both of these techniques,
however, typically utilize high temperatures to achieve high
film quality. GaAs film growth by LPE, for example,
requires saturation temperatures near 800 °C for high quality
growth.'" PLD-grown GaAs benefits from annealing steps to
improve the crystallinity of films as measured by XRD.'*!?
Additionally, these approaches are likely to require the syn-
thesis of nanoparticles for incorporation, either in a liquid
melt or as a component of the ablation target for LPE and
PLD, respectively, prior to film growth and thermal process-
ing. We have previously demonstrated pulsed laser ablation
(PLA) from elemental pressed powder targets as a viable
route towards ErAs nanoparticle production.'*!'> ErAs nano-
particles grown by this technique not only demonstrate con-
trollable nanoparticle size but can also be produced in
sufficient quantities for LPE melt and PLD target forma-
tion.'> Preliminary work attempting to incorporate ErAs
nanoparticles into LPE grown films indicates ErAs degrada-
tion at temperatures below its melting point. The observed
nanoparticle instability in the melt was initially attributed to
the solubility of erbium in gallium.'® Studies in which
erbium was added to saturate the melt are not conclusive as
to the thermodynamic stability of the particles and there are
reasons to suspect that nanoparticles still break down. Here,
we look to separate the fundamental stability of these par-
ticles at growth temperatures from the effects of gallium by
using Thermogravimetric analysis (TGA) in an inert environ-
ment. In this letter, the thermal stability of both nanoparticles
and bulk-like ErAs powders grown by pulsed laser ablation
and direct reaction, respectively, are investigated to under-
stand their thermal stability under typical thin film process-
ing conditions.

TEM, energy dispersive X-ray spectroscopy (EDS), and
selected area electron diffraction (SAED) were performed on
a JEOL 3010 TEM operating at 300 kV. Powder composition
was determined by XRD using a Bruker D8 diffractometer
with a CuKa source and Rietveld refinement of the obtained
XRD patterns was done using Profex 3.6.0 refinement soft-
ware.'” All compositions in this paper are given in wt. %.

Published by AIP Publishing.
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Thermogravimetric analysis (TGA) of the particle samples
was performed on a TA Instruments Discovery TGA. For
each experiment, approximately 15 mg of powder was heated
in a flowing N, atmosphere, with a ramp rate of 2 °C/min.
Derivative thermogravimetry (DTG) curves are obtained
from the differential of the mass loss curve with respect to
temperature. Temperatures corresponding to mass loss
events were identified from the local maximum of peaks in
—DTG plots.

Bulk-like ErAs was grown via a direct reaction by heat-
ing erbium and arsenic powders in a closed graphite crucible
for 8 h at 800 °C, in a flowing H, atmosphere. H, was used in
the synthesis of these powders to remove oxygen and water
vapor within the system to minimize oxide formation. The
transmission electron microscopy (TEM) image of the result-
ing powders, Fig. 1(a), shows large particle agglomerates on
the order of microns in size that are composed of smaller
nanoparticles with a mean grain size of 45 nm. Selected area
electron diffraction (SAED) patterns are consistent with
polycrystalline ErAs. The initial crystalline composition of
powders grown by the direct reaction has been determined
by XRD to be 86.8% ErAs, 2.4% As and As,O;, with the
remaining 10.8% consisting of Er and Er,05.

Pulsed laser ablation (PLA) was used to synthesize
unagglomerated ErAs nanoparticle powders, as described

FIG. 1. (a) TEM image of a direct reaction grown ErAs particle agglomerate
with the corresponding SAED pattern. (b) TEM image and the correspond-
ing SAED pattern of PLA grown ErAs nanoparticles.
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previously.'> Briefly, targets consisting of pressed erbium
and arsenic powders were ablated in a 20Torr He
atmosphere by a 1064 nm Nd:YAG laser with a fluence of
1.33 J/em? to produce particles with a mean size of 41 nm, as
seen in Fig. 1(b). The smaller, lighter particles in the TEM
image consist of Er and Er,O3 and are approximately 5 nm
in diameter. The larger, darker, circular particles in the
image are ErAs. Particle phases were determined by energy
dispersive X-ray spectroscopy (EDS) and SAED. No attempt
was made at purifying the powders, but the amount of time
each sample was exposed to ambient air was minimized to
prevent potential sample oxidation. XRD of ErAs nanoparti-
cle powders gives an initial composition of 61.9% ErAs,
32.5% Er and Er,03, and 5.6% As and As,Os.

TGA of both the larger direct reaction agglomerates and
the PLA unagglomerated nanoparticle powders was done to
identify the temperatures at which degradation of ErAs
begins and understand the influence of particle size on the
thermal stability of powders. TGA of the larger particle
agglomerates produced by the direct reaction, shown in Fig.
2, displays a maximum mass loss of 5.8%, followed by a
mass gain of 1.0%. The mass loss peak at 611 °C is consis-
tent with the sublimation temperature of As'® and the mass
gain beginning at 655°C is attributed to ErN formation.'®
The lack of an ErN peak in the XRD pattern is attributed to
oxidation after exposure to air.”® The XRD pattern of larger
particle agglomerates before and after TGA experiments, as
shown in Fig. 3, demonstrates little change to the ErAs peak.
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FIG. 2. Mass loss (black) and temperature derivative (blue), from (top) ErAs
nanoparticle powder grown by PLA and (bottom) agglomerated ErAs pow-
der grown by direct reaction. A blue horizontal line is drawn at —DTG =0
to aid in identifying regions of mass loss and mass gain.
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FIG. 3. XRD pattern of ErAs powders grown by (top) direct reaction and
(bottom) PLA, (red) before and (black) after TGA experiments. ErAs peaks
are labeled with black squares, Er peaks with solid red circles, and Er,O3
peaks with hollow red circles.

After the TGA experiment, the main changes to the crystal-
line composition include the disappearance of peaks corre-
sponding to As and As,O;, expected for this temperature
range,”’ and an increase in Er,O5 peak intensity. Because no
significant mass gain can be observed in the TGA plot corre-
sponding to this sample, the increased Er,O5; peak intensity
is attributed to the growth of Er,O; already present within
the sample. This is consistent with TEM observations of
increased Er,Oj3 particle size after heating. Therefore, it can
be concluded that no significant degradation of ErAs has
occurred.

The TGA curve of unagglomerated PLA-grown ErAs
nanoparticle powders, as seen in Fig. 2, shows initial mass
loss at low temperatures followed by a significant —DTG
peak occurring at 350 °C and smaller mass loss events occur-
ring at 401 °C and 614 °C. The mass loss of approximately
4.0% at low temperatures is attributed to water vapor and
has been observed in multiple nanoparticle samples that
were examined under identical experimental conditions. The
absence of this feature in the larger, agglomerated powders
suggests that the amount of adsorbed water vapor may be
related to the increased surface area of nanoparticle powders.
Additionally, a comparison with the —DTG peaks observed
in the bulk-like agglomerated nanoparticle sample suggests
that the broad peak centered at 614 °C may be the result of
As sublimation. The TGA curve of an ErAs nanoparticle

Appl. Phys. Lett. 113, 163105 (2018)

sample grown with excess arsenic compounds (not shown)
demonstrates the emergence of a —DTG peak occurring at
414 °C, suggesting that the small peak at 401°C in Fig. 2
may be the result of arsenic oxide sublimation.

The main mass loss event occurring at 350 °C is identi-
fied using the XRD pattern of the nanoparticle sample before
and after the TGA experiment, shown in Fig. 3. After heat-
ing, the main changes to the crystalline composition of the
powders are the disappearance of the ErAs diffraction peaks
and a significant increase in the Er,Oz peak intensity. The
increase in the Er,Os; peak intensity is consistent with the
increased particle size and crystallization observed in TEM
images of the sample (not shown) and is therefore not
expected to result in a mass change. Therefore, the mass loss
occurring at 350 °C is attributed to ErAs decomposition. The
total mass loss that occurs during the heating process is
30.6%, with 21.0% of the mass loss attributed to ErAs.

Based on initial powder compositions as obtained by
XRD described above, if the mass loss peak attributed to
ErAs degradation is assumed to be the result of congruent
sublimation of ErAs, the expected total mass loss for the
PLA ErAs nanoparticle samples would be 67.5%. Therefore,
because the total mass loss was only 30.6%, it is worth con-
sidering other mechanisms for mass loss. The overall mass
loss observed in the ErAs nanoparticle sample can be attrib-
uted to the sublimation of arsenic and arsenic oxide com-
pounds, combined with the loss of arsenic from ErAs via the
following reaction:

EI‘AS(S) — EI‘(S) + AS(g). (H

This analysis assumes that erbium left over after ErAs
decomposition remains in the powder. However, because
erbium is not observed in the XRD patterns of the ErAs
nanoparticle powders after TGA experiments, the source of
this oxygen must be considered. TEM analysis demonstrates
that the increase in Er,O; peak intensity cannot be solely
accounted for by the degradation of ErAs, rather it is likely
primarily due to the crystallization of amorphous Er,Os.
Because the TGA experiments were carried out in a nitrogen
atmosphere, other possible sources of oxygen include the
exposure to air during XRD analysis or oxygen from the sub-
limated arsenic oxide. Using the original powder composi-
tion, as obtained from XRD of the sample before undergoing
TGA analysis, the mass loss expected from As volatilization
from ErAs is 20.5%. This is in close agreement with the
mass loss measured by TGA of the peak attributed to ErAs
degradation, 21.0%. This same mass balance approach indi-
cates that the total mass loss is expected to be 26.2%, differ-
ing from the measured mass loss of 30.6% by 4.4%, likely
the result of some amorphous As,O3 or water vapor at tem-
peratures below 250°C, as discussed above. Multiple sam-
ples were investigated with comparable results. The data
presented represent the highest purity sample to provide the
clearest assignment of peaks. In other samples, additional
peaks can be trivially attributed to arsenic oxides. Based on
these samples, we estimate the error in mass loss due to var-
iations in composition as approximately 3.4%, indicating
that the observed data are consistent with the mass balance
calculations.
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Pnictide loss at temperatures below the material’s melt-
ing temperature has been observed in a number of III-V sys-
tems such as GaAs, GaN, InP and InSb.2> %> However, this
is believed to result from liquid catalyzed sublimation, in
which the formation of surface defects during heating causes
some pnictide to sublimate, leaving a layer of liquid metal
on the surface, which catalyzes further pnictide sublima-
tion.”>** This reaction is possible because the group III ele-
ment has a low enough melting temperature to become a
liquid at the pnictide sublimation temperatures. The lantha-
nides, however, do not exhibit such low melting tempera-
tures, and previous study on bulk-like powders did not
exhibit complete sublimation of As.?%?7 Rather, it is believed
that As sublimation occurs as a result of the decrease in par-
ticle size. Direct reaction samples demonstrate only a small
mass loss that can be attributed to As sublimation rather than
volatilization of arsenic from ErAs. XRD of the agglomer-
ated samples after TGA experiments show that ErAs is still
present, indicating that complete degradation has not
occurred. The results of agglomerated powders are consistent
with previous studies of the thermal properties of bulk-like
lanthanide arsenides in which little to no impact on the final
lattice constant and the crystal structure is observed.?®?” The
mass loss observed from nanoparticle powders may be the
result of increased defect formation in the PLA grown pow-
ders relative to the bulk, or an increase in vapor pressure
with decreasing particle size. As the size of a particle
decreases, the cohesive energy of a surface atom also
decreases with the radius of the particle. This can lead to an
increase in the vapor pressure relative to the bulk material,
as given by the equation®®

Ps M
s _ 2
e enp (00, @

where 2o " is the ratio of the size dependent vapor pressure to
the bulk vapor pressure, ) is the surface energy, R is the gas
constant, 7T is the temperature, and d is the particle diameter.
Assuming that the density of ErAs remains constant with
decreasing size, the value for surface energy is taken to be
0.8 J/m>*° While the vapor pressure of ErAs is not known,
this equation can be used to understand the influence of parti-
cle size, with results shown in Fig. 4. The equation suggests
that at 350 °C, the observed sublimation temperature of ErAs
nanoparticles, the vapor pressure of ErAs is expected to be
1.89 times greater than the bulk for a particle of 41 nm in
diameter. For bulk-like particles grown by direct reaction,
demonstrating dimensions on the order of microns, this equa-
tion suggests little to no change in the relative vapor pressure.

The temperature dependence of the relative vapor pres-
sure is also shown in Fig. 4, for 0°C, 250°C, and 350 °C.
The curves for 250 °C and 350°C correspond to the onset
and the maximum rate of mass loss temperatures for ErAs
sublimation, respectively. The decrease in relative vapor
pressure with increasing temperature is a result of increasing
bulk vapor pressure, as the vapor pressure of the bulk is pro-
portional to temperature. While it is difficult to estimate the
impact increasing vapor pressure has on the sublimation tem-
perature, as reliable data on the relevant thermodynamic
properties are not available, it is evident that the increase in

Appl. Phys. Lett. 113, 163105 (2018)
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FIG. 4. Plot of relative vapor pressure increase with decreasing particle
diameter at 350 °C. The blue vertical line indicates the mean particle size of
PLA grown ErAs nanoparticle powders and the red shaded region indicates
the size distribution of particles that have been grown.

vapor pressure of ErAs is significant for the particle size
range under investigation.

ErAs powders have been synthesized by two different
methods, thus producing ErAs particles of different sizes.
TGA and XRD measurements indicate that reducing the
ErAs particle size results in the degradation of nanoparticle
powders at low temperatures, an effect not observed with
larger particle agglomerates. Based on mass balance, the
degradation of ErAs nanoparticles is believed to occur
because of arsenic volatilization from ErAs rather than con-
gruent sublimation of ErAs. These results show that any sus-
tained thermal processing involving these ErAs nanoparticle
powders for nanocomposite thin film synthesis should be
below 250 °C to minimize the effect of arsenic volatilization.

This work was supported by the U.S. Department of
Energy, Office of Science, Basic Energy Sciences, under
Award No. DE-SC0008166. The use of the Bruker D8 X-ray
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