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Abstract–In 2006, NASA’s Stardust spacecraft delivered to Earth dust particles collected
from the coma of comet 81P/Wild 2, with the goal of furthering the understanding of solar
system formation. Stardust cometary samples were collected in a low-density, nanoporous
silica aerogel making their study technically challenging. This article demonstrates the
identification, exposure, and elemental composition analysis of particles analogous to those
collected by NASA’s Stardust mission using in-situ SEM techniques. Backscattered electron
imaging is shown by experimental observation and Monte Carlo simulation to be suitable
for locating particles of a range of sizes relevant to Stardust (down to submicron diameters)
embedded within silica aerogel. Selective removal of the silica aerogel encapsulating an
embedded particle is performed by cryogenic NF3-mediated electron beam–induced etching.
The porous, low-density nature of the aerogel results in an enhanced etch rate compared
with solid material, making it an effective, nonmechanical method for the exposure of
particles. After exposure, elemental composition of the particle was analyzed by energy-
dispersive X-ray spectroscopy using a high spectral resolution microcalorimeter. Signals
from fluorine contamination are shown to correspond to nonremoved silica aerogel and
only in residual concentrations.

INTRODUCTION

Studying cometary material is critical for
determining the origin and evolution of the solar system.
Comets formed from presolar and early nebular matter
at the outermost edges of the solar system (Brownlee
et al. 2006) and are an archive of chemical and physical
processes which occurred during the early evolution of
planetary bodies (McKeegan et al. 2006). In 2006,
NASA’s Stardust spacecraft delivered to Earth thousands
of dust particles collected from the coma of comet
81P/Wild 2 for laboratory study (Brownlee et al. 2006).
These samples were the first opportunity to directly study

cometary particles of known origin in the laboratory
(Zolensky et al. 2006). Unlike previous studies of
interplanetary dust particles of unknown origin that were
collected in Earth’s stratosphere, Stardust samples were
collected from 81P/Wild 2, which had minimal exposure
to the inner solar system, and were collected almost
immediately after release from the comet’s nucleus. The
Stardust dust particles were, therefore, likely shielded
from damage by thermal, aqueous, or radiative
processes, therefore retaining their properties since early
solar system formation (Stodolna et al. 2009).

A portion of the Stardust samples has been
analyzed to determine their isotopic (McKeegan et al.
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2006), elemental (Keller et al. 2006; Joswiak et al.
2012), structural (Wopenka 2011), and organic
(Sandford et al. 2006) composition and complemented
by mineralogical and metrological studies using a broad
range of techniques, including Raman spectroscopy
(Rotundi et al. 2008; Wopenka 2011), infrared
spectroscopy (Keller et al. 2006; Matrajt et al. 2008;
Rotundi et al. 2008), time-of-flight secondary ion mass
spectrometry (Simon et al. 2008; Stephan et al. 2008a,
2008b), nano secondary ion mass spectrometry (Matrajt
et al. 2008; Heck et al. 2012), energy-dispersive X-ray
spectroscopy (Bridges et al. 2006; Graham et al. 2006;
Leroux et al. 2008a; Simon et al. 2008; Stodolna et al.
2009; Heck et al. 2012; Joswiak et al. 2012) (EDS),
transmission electron microscopy (Brownlee et al. 2006;
Leroux et al. 2008a; Matrajt et al. 2008; Stodolna et al.
2009; Joswiak et al. 2012), electron energy loss
spectroscopy (Matrajt et al. 2008; Simon et al. 2008),
synchrotron X-ray diffraction (Zolensky et al. 2006),
X-ray fluorescence spectroscopy (Matrajt et al. 2008), and
X-ray absorption near edge structure spectroscopy
(XANES) (Matrajt et al. 2008). Preliminary
examinations revealed many surprises, such as a large
mineralogical diversity (Joswiak et al. 2012), almost
complete absence of water or evidence of aqueous
alteration (Keller et al. 2006; Joswiak et al. 2012), and
the presence of a calcium–aluminum-rich inclusion and
other varieties of presumably high-temperature grains
(Nakamura et al. 2008; Simon et al. 2008). These
findings have already had major implications for solar
nebula models, namely that there appears to be a very
efficient mechanism for delivering high-temperature
materials to the outer solar system region where comets
accreted (Keller et al. 2006; McKeegan et al. 2006;
Ciesla 2007).

Stardust cometary samples were collected in a low-
density, nano-porous silica aerogel (Tsou 1995).
Cometary impact particles are fine-grained and fragile,
so generally disintegrate on impact with the aerogel.
The largest and most robust particles penetrate deep
into the aerogel, but the smallest fragments are
distributed nonuniformly along the lengths of carrot-
shaped impact tracks (Kearsley et al. 2012). Prior to
analysis of the particle, removal from the collection
medium is generally required. A process using
borosilicate glass microneedles enables the preparation
of a silica aerogel keystone containing a complete
impact event (Westphal et al. 2004). The process is
monitored optically and requires >50,000 discrete
automatized motions over many hours to extract the
particle from the aerogel. The keystone can then be
analyzed or further processed by flattening, mounting
on micro-forks, and/or sectioning. Particles and
fragments as small as 1 lm across can be extracted by

sectioning a keystone embedded in epoxy by
ultramicrotomy (Matrajt and Brownlee 2006).
Techniques for extracting sub-1 lm particles and
fragments are, however, risky. Furthermore, directly
observing the removal of small particles is not possible
with light-based techniques. Direct nanoscale etching
techniques are ideal for this application, and a variety
of analytical methods can also be incorporated into
these systems for rapid, in-situ analysis of the particles.

In this article, we combine three in-situ scanning
electron microscope (SEM) techniques to enable (i)
identification, (ii) rapid exposure, and (iii) elemental
composition analysis of microparticles embedded in a
silica aerogel keystone. A flattened keystone embedded
with magnetite and ballistic glass particles was used to
replicate Stardust sample conditions. Backscattered
electron (BSE) imaging is used to identify particles
embedded in silica aerogel. Monte Carlo simulation of
electron trajectories in silica aerogel shows that BSE
imaging is capable of detecting the embedded particles
below the optical detection threshold, with a 100 nm
diameter pyrrhotite particle detected at depths up to
~8 lm from the substrate surface. Exposure is
performed by cryogenic NF3-mediated electron beam–
induced etching (EBIE) (Utke et al. 2012; Martin and
Toth 2014), which gives rise to selective nanoscale
chemical etching in areas exposed to an electron beam
and enables real-time imaging during etching. Imaging
is performed in variable pressure (Danilatos 1988) SEM
mode to suppress charging of the electrically insulating
silica aerogel (Kucheyev et al. 2007). Finally, the
exposed particles are analyzed in-situ by EDS to
determine their elemental composition as well as the
extent of contamination caused by exposure to NF3.

MATERIALS AND METHODS

Experiments were performed using an FEI XL30
variable pressure SEM configured for cryogenic NF3-
mediated EBIE and high spectral resolution EDS. The
capabilities available on this system enable in-situ
identification, exposure, and elemental characterization
of particles embedded in silica aerogel keystones
(Fig. 1).

Detection of Particles by BSE Imaging

Prior to exposure, the precise location of the
particle must be determined in the SEM. Particles are
encapsulated by the silica aerogel; therefore, the
imaging technique must be capable of generating
contrast based on subsurface information. Particles can
be identified by light-based or synchrotron X-ray
microprobe techniques; however, these require the
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establishment of a predefined coordinate system and
additional handling. Imaging of embedded particles in
the SEM using conventional secondary electron
detectors is not viable due to the very short escape
range of secondary electrons (Reimer 1998). However,
BSEs can potentially produce a viable imaging signal
(Reimer 1998). Here, we determine the imaging
capabilities of BSE imaging via experimental
observation and Monte Carlo simulation of electron
trajectory in solids (CASINO) program (Demers et al.
2011).

To determine the capability of BSE imaging of
detecting embedded particles, a series of images of a
piece of silica aerogel covering an aggregate of silver
particles was collected using a solid-state BSE detector
at varying primary electron energies. Subsurface
features are detected by comparing the contrast in the
series of images. As the electron accelerating voltage is
increased, the penetration range of the electron beam is
increased, and an increase in contrast is observed where
subsurface features are located. Imaging is performed
under a He or NF3 gaseous environment to suppress
electrical charge build-up on the insulating silica aerogel
surface. Imaging is performed in He while searching for
and after extraction of particles. After locating a
particle, the silica aerogel is removed by cryogenic NF3-
mediated EBIE to show the underlying silver aggregate
structure for comparison to the subsurface structure
revealed by BSE imaging through the silica aerogel.
NF3 is used during etching as the imaging environment
to provide real-time information on the removal of
aerogel material.

Experiments demonstrate the ability of detecting
subsurface particles. However, determining the
theoretical detection range of BSE imaging efficiently is
difficult. CASINO (software version 3.2.0.4) is used to
determine the maximum depth at which BSE imaging

can resolve particles embedded in a silica aerogel
medium. A pyrrhotite particle (Fe0.83S, density:
4.61 g cm�3) of varying size was used as the test
particle, with simulations performed at varying primary
electron energies and depths of the particle from the
surface of nonflattened silica aerogel (SiO2, density
0.02 g cm�3). Simulations were also performed with
diamond (C, density: 3.515 g cm�3) and amorphous
silica (SiO2, density 2.196 g cm�3) particles to determine
the capability of BSE imaging of detecting subsurface
particles composed of low atomic number material.
Properties of nonflattened aerogel were used for this
calculation as the result corresponds to a critical
keystone cutting parameter. Simulations reveal that BSE
imaging will not resolve the buried particle if the cut
surface is too far from the particle. At each data point,
250,000 primary electron trajectories were simulated for
a 10 nm electron beam spot located at the center of the
pyrrhotite particle in the x and y plane. The BSE
coefficient at each point was determined by dividing the
total number of >50 eV energy electrons escaping the
top plane of the silica aerogel by the total number of
electrons used in the simulation. We define the particle
as resolvable when the BSE coefficient is greater than
the BSE coefficient of silica aerogel material.

Exposure of Particles by EBIE

Here, we demonstrate cryogenic NF3-mediated
EBIE (Martin and Toth 2014) (Fig. 2) to be an efficient
method to expose particles embedded in silica aerogel.
EBIE is a dry, selective chemical etch process where
surface adsorbed precursor molecules (i.e., NF3) are
dissociated by an electron beam, producing fragments
(F*) that react with surface atoms (Si) to form a
volatile compound (SiFx, where x = 1 � 4) that desorbs
from the surface, leaving a void. The technique is
analogous to Ga+ focused ion beam (FIB) milling;
however, EBIE does not give rise to sputtering,
redeposition, and gallium ion implantation (Bassim
et al. 2014), which can result in noticeable damage to
the particle (Graham et al. 2004).

To ensure that the physical composition of particles
is not changed during the exposure process, it is
imperative that the EBIE precursor does not react
spontaneously. XeF2, widely used as an EBIE precursor
for silicon, is, therefore, not ideal for this application
(Winters and Coburn 1992). Here, we have selected NF3

as the EBIE precursor due to its broad material
compatibility (Miotto et al. 2000) and preferential
removal of SiO2 in comparison to other silicon-
containing compounds (Martin and Toth 2014).
Additionally, when used in a variable pressure electron
microscope, qualitative results indicate that NF3 is an

Fig. 1. FEI XL30 SEM configured for cryogenic EBIE,
showing the SEM pole piece (highlight in red), BSE detector
(green), sample mounting area (blue), and liquid nitrogen
cooling stage (yellow).
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excellent electronic charge stabilizer during etching and
imaging of insulating materials (Martin and Toth 2014),
which reduces the probability of particle loss by
coulombic repulsion during etching.

A flattened silica aerogel keystone tile embedded
with magnetite and ballistic glass particles was used to
replicate a returned Stardust cometary sample.
Preparation of the Stardust replica sample was
performed by Andrew Westphal at the NASA Ames
Research Center two-stage light-gas gun facility (H€orz
et al. 1998). First, particles of interest are identified by
BSE imaging in a He gaseous environment. Cryogenic
NF3-mediated EBIE is then performed by filling the
SEM chamber with ~30 Pa of NF3 and cooling the
keystone tile to ~100 K using a liquid nitrogen cold
stage. The area of silica aerogel to be removed is
scanned by the electron beam in imaging mode to
induce etching while observing the etching progress in
real time. Etching is halted by blanking the electron
beam when complete removal of the silica aerogel
surrounding the particle is observed.

Analysis of Particles by X-ray Spectroscopy

After exposure from the silica aerogel keystone,
ideally the particle is analyzed prior to exposure to
atmosphere. Here, we determine the elemental
composition of the particle in-situ by EDS, using a high
spectral resolution cryogenic microcalorimeter (Silver
et al. 1998) as the X-ray detector (Fig. 3). The
microcalorimeter consists of a tin absorber cooled to
~60 mK, doped germanium semiconductor temperature
probe, pulse counting unit, and X-ray focusing optic
(Silver et al. 2000). X-ray energy is determined by

measuring the temperature rise of the tin as it absorbs
the incoming X-ray photon. In comparison to
conventional silicon drift detectors, the microcalorimeter
has superior energy resolution (3 eV instead of 130 eV

Electron Beam 

NF3 

Silica Aerogel Silica Aerogel 

a b 

Fig. 2. NF3-mediated electron beam–induced etching overview. a) NF3 molecules adsorb to the silica aerogel. b) On exposure to
an electron beam, NF3 molecules dissociate into fragments (F*) that react with the silica aerogel (SiO2) producing volatile
compounds (SiFx), which desorb from the surface leaving a void.

Fig. 3. Schematic of the SEM configured with a high spectral
resolution cryogenic microcalorimeter for EDS.

4 A. A. Martin et al.



at 6 keV X-ray energy) (Silver et al. 2005), providing
improved element discrimination. Emitted X-rays are
focused by the X-ray optic onto the microcalorimeter
detector array significantly increasing the collection
solid angle of the detector. In addition, by positioning
the X-ray optic focal point at the sample, counts from
stray X-rays generated in the gaseous environment of
the SEM chamber are minimized.

During the analysis of the exposed particle, NF3 is
removed from the chamber to prevent further etching.
EDS is performed under an inert He environment to
minimize sample charging and X-rays are excited by a
10 or 15 keV electron beam. Information for the
elemental composition maps is collected by rastering an
electron beam over the area of interest while
simultaneously detecting X-ray photon emission.
Elemental composition maps are constructed by plotting
the intensity of the X-ray energy of interest as a
function of position. Elemental concentration is
calculated using the atomic number, absorbance, and
fluorescence (ZAF) correction scheme with standards
(Scott and Love 1992; Goldstein et al. 2003).

RESULTS AND DISCUSSION

Detection of Particles by BSE Imaging

BSE images of a piece of silica aerogel covering an
aggregate of silver particles were collected using a
primary electron beam energy of 10 and 30 keV
(Fig. 4). At 30 keV, a noticeable increase in signal is
observed in the silica aerogel area directly adjacent to
the uncovered silver aggregate. To confirm this is a
result of subsurface features, the silica aerogel covering
the area was removed by cryogenic NF3-mediated EBIE
using the 30 keV electron beam. Figure 4c shows that
the silver aggregate did extend under the silica aerogel
in the area identified by the BSE image. While silver
provides a favorable test case for particle identification

due to its high atomic number, this is a positive
qualitative result for the identification of embedded
particles with BSE imaging.

To quantify the ability of the backscattered imaging
technique for detecting embedded particles, simulations
using CASINO were performed. Figure 5a shows the
BSE coefficient of silica aerogel with an embedded
500 nm diameter pyrrhotite particle as a function of
particle depth at 5, 10, 15, and 30 keV primary electron
energy. Initially, at shallow depths, the BSE coefficient
at all energies is high. As the depth of the particle is
increased, the coefficient decreases to a nonzero value
corresponding to the BSE coefficient of silica aerogel.
While the BSE coefficient at 30 keV is low at shallow
depths compared with 10 and 15 keV, the decrease with
depth is less pronounced and shows contrast between
the measured BSE coefficient and the nonzero
background to a depth of ~20 lm. This result shows
that higher energies are preferable for detecting particles
in initial searches and lower energies are preferable for
imaging.

Next, the BSE coefficient as a function of depth at
30 keV primary electron energy was simulated for 100,
200, 500, 1000, and 3000 nm diameter pyrrhotite
particles to determine the effect of size on particle
detectability (Fig. 5b). The depth at which particles are
resolvable is shown to be size dependent, for example,
100, 500, and 3000 nm particles were resolved to a
depth of ~8, ~20, and ~60 lm, respectively. The BSE
coefficient as a function of depth at 30 keV primary
electron energy was also simulated for 500 nm diameter
diamond and amorphous silica particles to determine
the detectability of low atomic number particles
(Fig. 5c). The low atomic number, 500 nm diamond,
and amorphous silica particles are resolved to a depth
of ~12 lm compared with ~20 lm for the high-density,
high atomic number pyrrhotite particle. These
simulation results show BSE imaging to be a promising
technique for detecting particles in the low-density silica

10 μm

a 

10 μm

b 

10 μm

c 

Fig. 4. BSE images of a piece of silica aerogel covering an aggregate of silver particles collected using a (a) 10 and (b) 30 keV
primary electron beam. Subsurface objects are revealed by an increase in signal at higher energies. c) Underlying silver aggregate
revealed by cryogenic NF3-mediated EBIE.
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aerogel medium, especially for particles below the
resolvable limit of light-based techniques.

Exposure of Particles by EBIE

Cryogenic NF3-mediated EBIE was performed on
the keystone Stardust replica to demonstrate the
exposure of an embedded particle (Fig. 6). An area rich
in embedded particles was identified by BSE imaging in
a He environment using a 30 keV, ~1 nA electron
beam. The chamber was then filled with NF3 and an
area containing a large particle of interest imaged by
the electron beam for a total of 30 min to induce EBIE,
removing the encapsulating silica aerogel. From the size
of the particle exposed by EBIE, we estimate that the
etch pit depth is of the order of microns in the
79 9 55 lm irradiated area.

The observed volumetric etch rate of material is
very high when compared with etching of thermal
silicon dioxide material (Martin and Toth 2014). The
etch pit depth after 30 min of EBIE in thermal silicon
oxide was calculated using a previously reported etch
rate under similar conditions (Martin and Toth 2014)
(1.1 9 106 nm3 s�1). The calculated etch pit depth in
thermal oxide is only 0.5 nm when processing an area
of 79 9 55 lm. The high etch rate in aerogel material
arises from the low density and high surface area to
volume ratio. The aerogel’s high etch rate protects the
particle from overexposure to possible EBIE reactions,
which could result in removal of material. EBIE
processing is, therefore, ideal for removing large
volumes of aerogel encapsulating embedded particles.
Based on the observed etch rate of silica aerogel
material, the exposure of a 3 lm diameter particle by
removing a 10 9 10 lm area of surrounding aerogel
material would take less than 1 minute.

Analysis of Particles by X-ray Spectroscopy

The exposed particle was analyzed in-situ by EDS
to determine its elemental composition and the extent, if
any, of fluorine contamination from the EBIE process.
EDS was performed using a 10 keV electron beam
under a He gaseous environment. False color images of
the X-ray intensity assigned to C, Mg, O, Si, Ti, Al, Fe,
F, and P as a function of location are shown in Fig. 7.
The particle is primarily composed of Si, Mg, and O,
with concentrated amounts of Al and a small fraction
of Ti. The elemental composition of the particle differs
from that expected in ballistic glass (Pyrex, Soda-lime,
and Silica-Alumina composites), with no significant
abundance of Ca, Na, Al, and/or B present. The
composition indicates the particle is a silicate and likely

b 

a 

c 

Fig. 5. a) Simulated BSE coefficient of silica aerogel with an
embedded 500 nm diameter, spherical pyrrhotite particle as a
function of particle depth (z) at 5, 10, 15, and 30 keV primary
electron energy. b) Simulated BSE coefficient of silica aerogel
with embedded 100, 200, 500, 1000, and 3000 nm diameter
pyrrhotite particles as a function of z at 30 keV primary
electron energy. c) Simulated BSE coefficient of silica aerogel
with an embedded 500 nm diameter pyrrhotite, diamond, and
amorphous silica particle as a function of z at 30 keV primary
electron energy.
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entered the light-gas gun as contamination from
previous shots. Importantly, the intensity of detected F
is low, and the majority of the signal correlates with
areas of nonremoved silica aerogel material.

Figure 8 shows an X-ray spectrum collected from
the area circled in Fig. 7 using a 15 keV electron beam
under a He gaseous environment. Closer analysis of the
particle reveals a small component of residual fluorine,
with a concentration of ~0.14%. We ascribe the

presence of fluorine to surface functionalization of the
particle induced by electron-stimulated desorption of
surface species and reaction with NF3 (Shanley et al.
2014). This may have been exacerbated by overetching
in an effort to completely remove any trace of silica
aerogel from the particle. Contamination within the
aerogel such as Ca, Mg, and Al (Tsou et al. 2003) could
also contribute to the detection of fluorine through
the production of nonvolatile fluorine compounds

b a 

50 μm 50 μm
Fig. 6. a) BSE image of a particle embedded in a silica aerogel keystone. b) Removal of encapsulating silica aerogel using
cryogenic NF3-mediated EBIE.
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Fig. 7. SEM image and elemental abundance maps of a particle exposed by EBIE. Elemental abundance maps obtained by EDS.

Electron beam–induced etching of silica aerogel keystones 7



(e.g., CaF2, MgF2, and AlF3) that remain after EBIE.
Interestingly, a signal corresponding to the presence of
nitrogen is noticeably absent from our X-ray spectrum.
Whether nitrogen is desorbed preferentially by further
electron irradiation or simply not adsorbed to the
surface is not understood.

CONCLUSIONS

We have demonstrated the identification, rapid
exposure, and elemental composition analysis of
microparticles embedded in silica aerogel keystones by
in-situ SEM-based techniques. BSE imaging is shown by
CASINO simulation to detect particles that are below
the optical detection limit. The depth at which particles
can be resolved is a function of atomic number, particle
size, and primary electron energy. After locating an
embedded particle, cryogenic NF3-mediated EBIE
successfully removed the encapsulating silica aerogel
medium, without physically handling, modifying, or
damaging them. EBIE can be applied selectively to
many particles within a single impact track. Analysis by
EDS using a cryogenic microcalorimeter shows fluorine
contamination to be minimal and corresponds to
nonremoved silica aerogel. In-situ EDS analysis using a
high spectral resolution cryogenic microcalorimeter
provides unambiguous detection of light and heavy
elements without requiring further processing or
exposing the particles to atmosphere.

The combination of these three in-situ techniques
provides an excellent platform for the study of Stardust
cometary samples, and when optimized, characterizing
interstellar cosmic dust particles (Landgraf et al. 1999;
Westphal et al. 2014). EBIE can be extended to aerogels
of other composition if future missions use these as the
collection medium. With the optimization of existing
gas precursor chemistries, EBIE could also replace FIB
milling for the site-specific exposure of particles
preserved in the metal foils found on the outer layers of
spacecraft, including Stardust’s silica aerogel collector
assembly (Bridges et al. 2006; Graham et al. 2006;
Leroux et al. 2008b).
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