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Sample Preparation Methodologies for In Situ Liquid
and Gaseous Cell Analytical Transmission Electron
Microscopy of Electropolished Specimens

Xiangli L. Zhong," Sibylle Schilling," Nestor J. Zaluzec,"** and M. Grace Burke'

1School of Materials, Materials Performance Centre- and Electron Microscopy Centre, University of Manchester, Manchester
M13 9PL, UK
2Argonne National Laboratory, Electron Microscopy Center, Center for Nanoscale Materials, Argonne, IL 60439, USA

Abstract: In recent years, an increasing number of studies utilizing in situ liquid and/or gaseous cell scanning/
transmission electron microscopy (S/TEM) have been reported. Because of the difficulty in the preparation of
suitable specimens, these environmental S/TEM studies have been generally limited to studies of nanoscale
structured materials such as nanoparticles, nanowires, or sputtered thin films. In this paper, we present two
methodologies which have been developed to facilitate the preparation of electron-transparent samples from
conventional bulk metals and alloys for in situ liquid/gaseous cell S/TEM experiments. These methods take
advantage of combining sequential electrochemical jet polishing followed by focused ion beam extraction
techniques to create large electron-transparent areas for site-specific observation. As an example, we illustrate the
application of this methodology for the preparation of in situ specimens from a cold-rolled Type 304 austenitic
stainless steel sample, which was subsequently examined in both 1 atm of air as well as fully immersed in a H,O
environment in the S/TEM followed by hyperspectral imaging. These preparation techniques can be successfully
applied as a general procedure for a wide range of metals and alloys, and are suitable for a variety of in situ
analytical S/TEM studies in both aqueous and gaseous environments.

Key words: in situ S/TEM, liquid cell, gaseous cell, sample preparation, metals, stainless steel, FIB, electropolishing,

XEDS, analytical electron microscopy, AEM

INTRODUCTION

Understanding dynamic processes at nanometer scales
during the reaction of materials in liquid and/or gaseous
environments can provide opportunities for improved
material design in numerous applications. In situ liquid/gas
cell scanning/transmission electron microscopy (S/TEM)
is a rapidly developing methodology which can provide
real-time dynamic micro-to-nanoscale information to
study the evolution of a structure, phase distributions,
morphology, composition, crystal structure, deformation,
corrosion, as well as elemental and interfacial segregation,
during the reaction of a material with a controlled environ-
ment (Radisic et al., 2006a, 2006b; Zheng et al., 2009; Evans
etal, 2011; Chee et al,, 2014; Parent et al., 2014; Prestat et al.,
2015). Although the concept of a windowed environmental
cell (E-Cell) for studying specimens in a gaseous or liquid
environment using electron-optical instruments has been
recognized for some time, it is only relatively recent that the
research and publications related to in situ liquid/gas cell
S/TEM studies have begun to grow exponentially (Parsons,
1974; Williamson et al., 2003; Radisic et al., 20064, 2006b; de
Jonge et al., 2009; Proetto et al., 2014; Zaluzec et al., 2014a;
Schilling et al., 2015). Since the first report of the
development of a sealed fluid cell and its use in a real-time
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TEM study of copper precipitation in liquid (Williamson
et al,, 2003), commercially available liquid and gaseous cells
have accelerated research activities involving in situ S/TEM
studies. Today, these in situ environmental holders are
fabricated by juxtapositioning a pair of environmental chips
(E-Chips) having electron-transparent amorphous SiN,
membrane windows supported along their border by a
thicker silicon frame. These “E-Chips” are carefully sealed
along their periphery to contain the desired media within a
small volume which then becomes safely isolated from the
vacuum of a conventional electron-optical column. When
the path length in the in situ environment is suitably small,
electrons can readily pass through both of the SiN, windows
as well as the ensuing media which spans a meticulously
engineered gap established between the windows and in
which the specimen of interest is immersed. Using advanced
MEMS fabrication technologies these E-Chips and their
associated holders have also been modified to include
electrical connections to facilitate heating, electrochemistry,
photoactivation, and modern analytical spectroscopies
(Radisic et al., 2009; Zaluzec et al., 2014a; Dens Solutions B.V.,
2016; Hummingbird Scientific, 2016; Protochips Inc., 2016).
More recently, an alternative type of liquid cell based on
entrapment of a very thin liquid film between layers of
graphene has also been introduced (Yuk et al, 2012) and
facilitates high-resolution imaging, but presently lacks the
ability to support flowing/pressurized media.
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2 Xiangli L. Zhong et al.

The majority of liquid/gas cell S/TEM investigations
to date have concentrated upon imaging studies of
nanoparticles, nanowires, or sputtered thin films, because of
the difficulty in preparing suitable specimens of “bulk”
materials, particularly from heterogeneous macroscopic and/
or conventional metallic alloys. The former materials and
their studies are of great interest to major fractions of the
industrial and engineering community, and as such there is a
growing demand to perform in situ TEM examinations in
these systems in order to interrogate and understand their
real-time behavior and microstructural evolution. The main
barrier to in situ E-Cell studies of conventional/bulk metals
and alloys has been the difficulty in extracting and placing a
suitable macroscopic TEM specimen over the fragile silicon
nitride window with the necessary sub-micrometer precision
while also forming a hermetic environmental seal in the
E-Chips. An added challenge is that the overall thickness of
material allowed for insertion between the E-Chips must
generally be tailored to fit within a 50 nm to 5-um gap which
delimits the typical media space (i.e., engineered gap)
between the SiN, windows. This is extremely restrictive and
challenging requiring precise, delicate sample placement as
well as careful thickness control.

S/TEM specimen preparation using focused ion beam
(FIB) technology has become increasingly popular and is widely
used due to its versatile capabilities, in particular, the ability
that it provides to extract site-specific electron-transparent
lamellar-shaped specimens having a relatively thin, flat, and
uniform thickness profile. Although the ex situ lift-out of the
FIB-prepared S/TEM lamella has been used in numerous
S/TEM investigations, including some in situ heating and
electrochemical property studies (Unocic et al., 2011, 2014), the
potential for surface modification and Ga™ ion implantation has
been raised as a concern (Dalili et al., 2014). It has also been
noted that Ga ions can be implanted and mixed into the surface
layers of the lamellae (Giannuzzi & Stevie, 1999; Giannuzzi
et al,, 2005), and in addition redeposition during FIB sample
preparation can modify the structure and composition of the
material surface (Matteson et al., 2002). Low-energy argon ion
milling after FIB specimen preparation is frequently used to
mitigate implantation artifacts for high-resolution electron
microscopy (Huang, 2004), however, doing so for the
preparation of specimens for in situ E-Cell studies has yet to
have been successfully reported. Because of these complica-
tions, as well as the absence of a practical procedural approach,
the exclusive use of FIB for preparation of the very thin lamella
required for in situ environmental studies has seen limited
application. In contrast, conventional twin-jet electropolishing
of metallic specimens is a well-understood and controlled
process and, when carried out properly, can mitigate
FIB-related surface modification and Ga® ion implantation
issues. Unfortunately, preparation of uniformly thin and small
lamella is not the strength of this preparation methodology.
Herein, we report on the development of specimen preparation
methods that combine both electropolishing and FIB. This
methodology incorporates the advantages of the two disparate
techniques and has been used to produce site-specific samples

with large electron-transparent areas suitable for both gaseous
and a fully hydrated environmental studies in E-Cell systems
operating at pressures up to 1 atm (Zhong et al., 2014).

MATERIALS AND METHODS

Electron-transparent specimens for this work were prepared
using a combination of conventional electrochemical
jet-polishing and FIB extraction techniques, both of which are
described below in detail. In this work, a Struers TenuPol-5
twin-jet electropolishing unit and a Jubalo closed cycle
refrigeration system were used for conventional thin-foil
electrochemical preparation, whereas site-specific sample
extraction was performed using an FEI Quanta 3D Dual-Beam
FIB/SEM. Equivalent results should be reproducible with similar
equipment from alternate manufacturers. Microstructural and
hyperspectral imaging of the resulting electron-transparent
specimens were conducted in an FEI Tecnai T20 Analytical
Electron Microscope (AEM) operated at 200 kV and equipped
with an Oxford Instruments X-max 80 TLE windowless Si drift
detector and an AZTEC analyzer for conducting hyperspectral
imaging using X-ray energy-dispersive spectroscopy (XEDS).
The in situ holder used in this study was a Protochips Poseidon
P210 liquid E-Cell using ambient air and deionized H,O
as the environmental media (Zaluzec et al, 2014a). The
E-Cell windowed E-Chips (300-um-thick Si frame, having
~50-nm-thick SiN, windows covering rectangular openings
of up to 500x50um) were commercially procured from
Protochips Inc. Before use, these E-Chips were cleaned
according to the manufacturer’s recommendations and in
addition, a Hitachi ZONE-SEM was used to remove any
residual hydrocarbon contamination from the E-Chip surface
before attaching the electron-transparent specimens of interest.
This last step also made the E-Chip SiN, surface hydrophilic.
We note that any low power plasma cleaning system can also be
employed to remove residual hydrocarbon layers without
damaging the SiN,. windows.

SPECIMEN PREPARATION METHODS

The methodology developed in this study consists of four
basic steps:

1. Preparation of conventional electropolished TEM thin-foil
specimens.

2. Identification and FIB cut out of the region of interest
(ROI) from the electropolished specimens.

3. Attachment of the FIB plan-view sections to the E-Cell
windows:

a. Pt deposition-attachment “Cut-and-Attach” method; and
b. Adhesive-attachment “Cut-and-Adhere” method.

4. Sealing and mounting of the E-Cell in the in situ specimen
holder.

Details for will be

presented next.

each of these procedures
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Electrochemical Twin-Jet Polishing

Cold-rolled Type 304 stainless steel (SS) was used as the test
material in this work. Slices ~0.7 mm in thickness were cut
from the Type 304 bulk steel using a Struers Accutom-5
sectioning system. These slices were next mechanically
thinned (using SiC grinding papers) to ~100 um in thickness
before punching 3-mm-diameter disc samples. Conventional
TEM specimens were obtained by electropolishing the 304
SS in 20 vol% HClO4-80% CH;OH at —33°C and 20V, with
automated cut-off upon reaching electron transparency as
detected using the automatic sensor of the polishing unit.
Although this experimental procedure is specific to
preparation of the Type 304 SS material used as part of this
methodology, corresponding electropolishing procedures for
many metallic materials can be substituted (Kestel, 1986).

Identification of ROI and “Plan-View” FIB
Extraction

After electropolishing to TEM quality, the thin-foil SS
specimens were transferred onto FIB/SEM/STEM imaging
compatible sample holders for the FEI Quanta 3D
Dual-Beam FIB/SEM used in this work. The location of the
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electron-transparent area of interest for in situ TEM analysis
could be readily determined using moderate energy
(20-30kV) STEM imaging in the FIB/SEM. Typical electron
beam bright-field images of such a thin area of interest,
which can be acquired at the coincident point of the electron
and ion beam, are illustrated in Figures la and 1b. In the
absence of an STEM detector system in an FIB/SEM,
secondary electron imaging can also be used for identifying
the electron-transparent area (Young et al., 2008) as these
regions will appear significantly brighter than the thick
(non-electron transparent) regions (Fig. 2a). This increased
signal results from the fact that at 20-30kV the electron-
transparent areas of “thin” TEM specimens have a second
source for secondary electrons, namely those emitted from
the exit surface of the thin regions, creating an additional
source for emission of secondary electrons, relative to the
thicker (non-transparent) area.

After the electron-transparent area of interest is identified,
careful eucentric point alignment of the holder and specimen
relative to the electron/ion beam optical axis is carried out.
To accomplish this step in the selected dual-beam FIB/SEM,
the ion beam is blanked and the sample on the STEM
specimen holder is first tilted (typically 52°) toward the ion

Figure 1. Electron beam 30keV scanning transmission electron microscopic (S/TEM) bright-field (BF) image
shows the thin area of interest: (a) BF image, (b) higher magnification BF STEM image showing preservation of thin

electron-transparent area at 30 keV.

Figure 2. Electron beam images of “Cut-and-Attach” approach: (a) scanning transmission electron microscopic dark-field
image showing the electron-transparent region, (b) focused ion beam slots cut around the periphery of the region of
interest, with corner attachments still in place. ¢: Micromanipulator attached to the area of interest and freed by milling off
supporting material, (d) sample positioned above the SiN, window, (e) micromanipulator cut free by milling away the
surrounding material after corner attachment to the environmental chips by organometallic Pt (om-Pt) deposition.
The observant reader will notice a diffuse patch of material surrounding the perimeter of the small rectangular tabs affixing
the corners of the cut out. This is residual om-Pt discussed in the text.
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beam column axis. Following tilting, fine tuning of the FIB
coincident point of the ion beam and electron beam is carried
out on a sacrificial area of the specimen. To achieve this, the
specimen is next translated a few hundred micrometers away
from the ROI, along a direction parallel to the stage tilt axis.
This approximately retains the eucentric axis, however, it
should be realized that this only holds true for relatively
flat unbent specimens. Specimens which are significantly
misshapened, bowed, or angled should be meticulously avoided
as they pose a risk of breaking the SiN, isolation windows when
later mounted in the E-Cell, equally importantly the location of
the electron/ion beam coincidence point in the proceeding step
can become compromised. Next, the ion beam is unblanked
and a small sacrificial area is milled at low current (~0.4 nA/
30kV) in spot mode for several seconds, then the ion beam
reblanked. The FIB/SEM stage is next moved in the Z direction
until the milled area is recentered to the electron imaging screen
and nominally defines a coincident electron/ion beam point.
This step is iterated as necessary until convergence is achieved.
At this juncture, the original ROI of the specimen is translated,
without height adjustment and with the ion beam blanked,
back to the optic axis and the ROI is ready to be defined
and extracted. This procedure by design results in minimal
exposure of the ROI to the adverse effects of the ion beam and
its associated sputtering/damage.

Next, the electron-transparent portion of the electro-
polished TEM disc containing the ROI is delimited (cut out)
by site-specific Ga ion beam milling (Fig. 2b) using the
microprocessor-controlled ion beam blanking and scanning
system of the FIB/SEM. The specific cutting procedure
employed at this juncture is carefully orchestrated as the
milling process and plays a key role in the overall success rate
of sample preparation. The goal here is to use site-specific
milling to cut out a specific ROI from the electropolished
specimen and to then use FIB lift-out techniques to transfer
this to an SiN, window. Ultimately, the area of interest will be
carefully relocated and attached to the interior surface of
either the electron entrance (top) SiN, window for STEM/
XEDS studies, or on the electron exit surface (bottom)
window for TEM/electron energy-loss spectroscopic (EELS)
studies of the respective E-Chips used in the in situ holder.
The selection of mounting on the entrance or exit window is
determined by the experimental measurements planned and
should be chosen to mitigate the effects of scattering upon the
respective imaging and spectroscopy modes employed.

Avoiding/minimizing Ga deposition/contamination of
the TEM specimen during the cut out and extraction step by
using reduced ion current during FIB operations on the
electropolished TEM sample is a critical aspect of this
procedure. It is important to recognize that it is virtually
impossible to not implant Ga in a TEM specimen whenever
an area is illuminated by the focused Ga ion beam. Thus, to
the greatest extent possible the critical areas of the specimen
to be studied in the E-Cell should be viewed principally by
electron beam imaging. With this in mind, it should be
realized that it will be unavoidable that during the FIB
cut-out process that for some fraction of time key ROI may

be exposed to the ion beam, this needs to be minimized to the
greatest extent possible. Setting up a workflow that achieves
this is a challenge and necessarily will have to be customized
to the instrument and operator expertise.

The following few salient points are appropriate for
implementing such a workflow. First, the identification and
delimitation of the milling path should be done under
electron beam observation. Recall that in the preceding step
the coincidence alignment of the electron/ion beam was done
on a sacrificial area far removed from the ROI with this
specific purpose in mind. Second, in order to minimize
Ga implantation/contamination of the pristine electron-
transparent, electropolished area, the perimeter of the cut-out
edge should be intentionally located as far away as is practical
from the critical ROI These criteria, together with the
dimensions of the SiN, window whose dimensions depend
upon the application and manufacturer (ranging from
20-50-pm wide to 200-500-ym long), become key controlling
factors in an operator’s decision of the areal dimensions of the
cut-out region. Third, it is reccommended that one targets to cut
out a section having at least one supporting dimension twice as
wide as the minimum dimension of the SiN, window. Thus,
for a 50-um-wide SiN, slot window, a typical section would
nominally be ~100-um wide, whereas the perpendicular
dimension should be of at least a similar dimension while
consistent with the ability of the FIB to mill the specimen within
an appropriate time frame. Fourth, at the nominal center of the
cut out should be the ROI to the greatest extent possible.
Oversizing the cut out and creating a moderately large and
thick electron-opaque zone surrounding the thin ROI is
advantageous as it leaves sufficient material on the perimeter
for handling and attachment to the Si frame of the E-Chip, as
will be illustrated shortly. However, the thickness of this peri-
meter should not be greater than the E-Cell gap, otherwise a
hermetic seal of the E-Cell may not be achieved. A larger
rectangular cut out also provides ready access to three of its
corners which are unobstructed and well removed from
the ROI, while the fourth corner becomes available for
micromanipulator attachment. Fifth, it is also essential to
balance the milling time required for the cut out with the ion
current employed to optimize the speed and minimize any
inadvertent/potential damage to the large and thin electron-
transparent area. An ion beam voltage of 30kV was used
throughout this work, with ion beam milling currents typically
being 3-5nA. Finally, checking the electron-transparent area
after ion beam extraction using XEDS for the absence of Ga
signal should be a final step before any further work in the
E-Cell. If Ga is detected then it is incumbant upon the analyst to
assess its contribution to any microstructural evolution studies
and/or as appropriate to remake the section.

An example of the results of FIB milling defining a
cut-out area and illustrating this idea is shown in Figure 2b.
Visible in Figure 2b are the uncut corners used to support
the electron-transparent region, while the dimensions of the
rectangular area (~150 x 75 um) provide adequate mechanical
robustness and stability for micromanipulator attachment and
eventual fastening to the E-Chip Si frame. FIB lift-out and
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attachment to the E-Chip is the next step in the workflow and
two different procedures are summarized next.

FIB Lift-Out: Pt Deposition-Attachment: “Cut-and-
Attach” Method

In the Cut-and-Attach method, FIB lift-out is accomplished
using organometallic Pt (om-Pt) deposition/attachment of a
micromanipulator to the ROI and is identical in all important
metrics to the procedure used in traditional cross-section FIB
lift-out specimen preparation (Mayer et al., 2007), with the
small exception of the orientation of the section to be retrieved
which is dictated by the attachment process and location on
the E-Chip. At this phase of the process, a micromanipulator
is inserted into the FIB/SEM chamber and is carefully
maneuvered to the one corner/edge of the electron-transparent
area that is still connected to the electropolished TEM disc
specimen at corner points around the rectangular perimeter
(Fig. 2b). Skilled FIB operators should be able to approach the
sample using only electron imaging without using ion beam
imaging, assuming that the previously outlined procedure of
local coincident point alignment has been carried out carefully,
the major difficulty being associated with the orientation of the
cut out relative to the manipulator motion. During this
step, adjustment of the electron beam current and contrast/
brightness can help enhance the shadow of the probe which
can be used to assist approaching the sample. Once the tip is
successfully touching a corner of the section, localized om-Pt
deposition is used to affix the corner of the cut-out area to the
tip of the micromanipulator (Fig. 2c). To accomplish this, we
have successfully employed both a 0.05-0.3 nA Ga ion beam at
30kV or 3-5nA electron beam at 5kV to perform the om-Pt
deposition. Utilizing the smallest beam diameter with a
minimum beam tail is a noteworthy consideration at this step.
If a large beam tail (or beam skirt) is present then some
(residual) measure of nonlocalized om-Pt deposition can occur
outside of the desired deposition location (see, e.g., Fig. 2e).
This residual om-Pt (which also contains significant
hydrocarbon) can become a source of both Pt and C
contamination at a later stage of any in situ experiments and
thus it’s minimization is not without merit. In addition, we
note that the om-Pt vapor which is literally sprayed out of the
gas injection system needle during the deposition step will by
its very nature also become dispersed over a relatively large
area (hundreds of square micrometers) in the vicinity of the
needle-shaped gas jet. The presence of this flowing gaseous
om-Pt vapor over the specimen cannot be avoided, and it is not
without concern that this vapor can traverse large distances
and possibly be absorbed in the immediate surface of the
previously pristine electropolished specimen. To minimize
the adherence of surface-absorbed om-Pt on the specimen,
electron beam imaging of the ROI immediately after om-Pt
deposition following deposition should be avoided to the
greatest extent possible to allow mobile species to be carried
away by the pumping system. The experienced FIB/SEM
operator will be the best judge of the most effective procedure
for such minimization in their respective instrument, however,
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in the absence of a specific cleaning protocol, waiting for full
vacuum recovery after the om-Pt vapor source is isolated, is a
reasonable procedure before renewed electron imaging, and is
the technique used herein. Once the micromanipulator is
attached to the ROI section, the remaining three supporting
tabs at the corners of the thick opaque areas can be readily FIB
cut free from the electropolished foil as is illustrated in
Figure 2c. Normal sample extraction and micromanipulator
relocation is ready to be conducted (Figs. 2d and 2e).

FIB Lift-Out: Adhesive-Attachment: “Cut-and-
Adhere” Method

As an alternative to the om-Pt attachment step outlined
above, we have also successfully made use of the adhesion
force of an epoxy-coated micromanipulator (OmniProbe;
Oxford Instrument) to remove the delineated ROI. This
Cut-and-Adhere procedure was developed to mitigate
potential issues associated with the deposition of om-Pt-rich
compound in the vicinity of the specimen as discussed in FIB
Lift-Out: Pt Deposition-Attachment: “Cut-and-Attach”
Method section. In this approach, a thin epoxy coating is
intentionally applied to the micromanipulator’s extraction
tip in order to increase the adhesion force of the tip by
slightly coating the tip. Before coating, the surface of the
micromanipulator tip is first irradiated with the ion beam at
~30kV/15nA for 2min to clean (remove surface oxide)
and also to slightly “roughen” its surface. We have found
that a suitable coating can be made using commercial
superglue (Loctite; Henkel, UK), and can be applied by
simply dip-coating the micromanipulator. This coating is
applied externally from the FIB/SEM vacuum chamber
and is typically allowed to dry for ~2h, after which the
coated needle is simply reinserted into the micromanipulator
system. Using the coated and now mildly insulating
micromanipulator tip specimens can be “picked up” from an
area and relocated onto the E-Chip window without
employing om-Pt deposition/attachment. It is not clear if
this adherence of the tip to the extracted foil is related to the
presence of electrostatic and van der Waals forces or if
it is due to the fact that the epoxy is still mildly “sticky,” the
mechanism by which this occurs is not important at
this point in time. After lift-out and transferral to the SiN,
window, the specimen must still, however, be anchored to
the Si frame by means of om-Pt deposition to avoid sample
movement/drift during in situ TEM observation in any
media. The principle of minimalist om-Pt deposition as
described earlier should again be applied here. Fundamen-
tally, the use of minimal electron beam or low ion beam
current om-Pt deposition should be used throughout the
procedure in order to decrease the potential for om-Pt
contamination.

An alternative approach to coating the micromanipulator
tip with adhesive external to the FIB/SEM is to use an electron
beam hardenable glue as the micromanipulator’s adhesive
which can be utilized within the FIB/SEM instrument. Similar
in principle to the preceding method, the purpose is also to
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minimize the use of om-Pt for attachment of the cut-out ROI
to the SiN, window. As previously, the specimen area of
interest is identified using electron imaging (Fig. 3a). Next, the
micromanipulator tip is touched onto a vacuum compatible
glue which is co-located within the specimen chamber (SEM
glue from Kleindiek Nanotechnik). The advantage here is that
the process can be readily observed in real time under
a low current (<0.1nA) electron beam (Fig. 3b). The
micromanipulator tip which is now lightly endowed with a
thin layer of “glue” is next maneuvered to the partially cut-out
RO, and the glue-rich tip is allowed to touch an isolated
corner of the ROI section. It is then affixed by electron beam
hardening under a higher current (0.5-1nA) probe. The cut-
out sample, which is now attached to the micromanipulator
needle by the hardened glue, can next be cut free by FIB
milling and subsequently lifted out (Fig. 3c). To affix the
lift-out section to the SiN, window, a corner of the cut-free
sample edge can also be manipulated so as to gently brush into
the SEM glue while still within the FIB chamber (Fig. 3d). As
previously described, the sample can be next relocated to the
E-Chip window using the micromanipulator and finally held
in place by contacting the glue-rich corner to the bulk silicon
support area of the E-Chip (Fig. 3e) and beam hardened, all of
which must be done while judiciously avoiding the fragile SiN,,
window. The advantage of this hardened glue method is the
minimization of om-Pt usage during the entire specimen
preparation process. The disadvantage of using hardened
glues is the great care needed to touch the extracted ROI to the
SEM glue without damaging/bending the very fragile cut out.

Mounting the FIB Lift-Out to an SiN, E-Chip

To accommodate the preceding steps of relocating the cut out
to the E-Chip window described above, it was necessary to
fabricate a custom E-Chip holder. This is readily accomplished
by modifying a standard pin-type SEM stub and enables
holding and the subsequent mounting of the electropolished
section onto the SiN, window E-Chip. Figure 4 shows the
photograph of our modified SEM stub (termed the E-Chip
holder) used for attaching the electron-transparent specimen to
the E-Chip. Before transfer of the cut-out sections of the
electropolished thin films, the appropriately selected E-Chip is
slid into the customized/grooved holder. When mounting this

holder into the dual-beam FIB its pairs of parallel grooves into
which the E-Chips are located are oriented parallel to the FIB/
SEM tilt axis so that the chip will be mechanically stable during
any tilting operations. This can be avoided if the E-Chips are
affixed to the stub by an appropriate procedure (glue, tape,
clamps, etc.). However, it was found that simple care in hand-
ling is more than sufficient. For the Poseidon system used in
this work, two different sizes of silicon frames are employed in
the in situ holder design, a large upper chip (green in Fig. 4) and
a smaller lower chip (yellow in Fig. 4); the set of grooves in this
E-Chip holder are of dimensions needed to accommodate both
sizes of E-Chip. Upon close inspection of Figure 4, the reader
will be able to discern the long SiN, slot window (gray) on the
chips, and in particular should notice the orientation of this slot
with respect to the holder tilt axis and the slot (red arrow).

The extracted ROI, which has been attached to the
manipulator tip by either om-Pt deposition or adhesion, is then
transferred to the selected (top or bottom) E-Chip that is loaded
onto the aforementioned E-Chip holder. Here, the selected
E-Chip of the in situ cell pair is first slid into the grooved
E-Chip holder, with the groove aligned parallel to the tilting
axis of the dual-beam FIB stage as indicated in Figure 4. Next,
the cut-out ROI, which is attached to the manipulator tip, is
carefully relocated/positioned over the appropriate SiN,
window, and is aligned carefully over the nominal 50-ym-wide
slotted window. Recalling that this cut out has an intentionally
larger width (~100um), its terminal edges extend beyond the
complete SiN, window onto the Si support frame (Fig. 2d).
During the final om-Pt attachment processes of the cut out to
the Si frame, the large overhang minimizes any possible con-
tamination near the ROI and also avoids inadvertent milling
and damaging of the extremely thin and fragile SN, window.
Once in position, a small rectangular area (~3 x 5um) of low
ion beam om-Pt deposition or adhesion is used to attach the
corners of the “cut out” to the Si support base (om-Pt illustrated
in Fig. 2e and adhesion in Fig. 3e). Finally, after the specimen is
secured the micromanipulator needle tip is cut free from the
sample using FIB.

E-CELL ASSEMBLY AND DEMONSTRATION

To demonstrate the efficacy of this methodology to mount
and observe electropolished TEM specimens in both a

Figure 3. “Cut-and-Glue” method: (a) electron beam secondary electron image of the electron-transparent area in the
electropolished transmission electron microscopic foil, (b) manipulator positioned to pick up the glue deposit, (c) elec-
tron beam-hardened glue attached the sample to the manipulator tip and sample was cut free from the electropolished
disc, (d) cut-free sample edge brushed/touched into the glue deposit to pick up a small amount, and (e) released sample
affixed using glue onto the SiN, window. Note the two vertical structures visible on either sides of the glued cut out are
electrical feedthroughs for use as part of electrochemical cell experiments.
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Figure 4. Photograph of the modified environmental chip
(E-Chip) holder used for attaching the electron-transparent
specimen to the E-Chip. The selected E-Chip is slid into the
appropriate-sized groove on the holder. The dual-beam focused
ion beam tilting axis is aligned to be parallel to grooves of
the holder. For the Poseidon system used the E-Chip sizes are
different for the upper (4.5 x 6 mm) and lower (2 x 2 mm) chips.

gaseous as well as a flowing liquid, we have selected an alloy
of interest, Type 304 austenitic SS, which is generally resis-
tant to corrosion but will oxidize in appropriate water
environments (Ziemniak & Hanson, 2002), and for which a
detailed in situ study will be reported in a follow-up
publication. After a conventional TEM specimen was first
prepared by twin-jet electropolishing, and the electron-
transparent region was “cut out” using the FIB, the extracted
sample was carefully attached to the bottom E-Chip surface.
Care was taken to insure that the maximum thickness of the
FIB section selected was <500 nm, and was judged by simple
end-on SEM observation in the FIB/SEM. As discussed
earlier, since TEM was the primary imaging modality of this
example, attachment to the bottom E-Chip was selected for
the mounting step. For the in situ holder system used in this
study, an integrated prefabricated spacer on the lower chip
introduces a 500-nm gap between the windows (Fig. 5). The
selected 500-nm gap is sufficient to hold both the cut-out
ROI as well as either ambient air or liquid H,O without
rupturing the window of the E-Cell under 1 atm of pressure.
Although narrower E-Cell gaps are both available and
advantageous from the viewpoint of imaging and spectro-
scopy, they also create more difficult preparation conditions,
as the total thickness of the extracted electron-transparent
specimen plus any “attachment” material (i.e., om-Pt or glue)
must not be so thick as to inadvertently rupture either of the

Sample Preparation Methodologies for In Situ E-Cell AEM 7

ureaq-4
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Window
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Figure 5. Schematic drawing of the P210 liquid cell (Protochips
Inc.) in which the sample is placed in-between the top and
bottom chips that are separated by an engineered spacer creating
a nominal 500-nm gap, and isolated from the transmission
electron microscopic vacuum environments by means of a pair of
small and large O rings.

SiN, windows during assembly. We also note that because
the thin-foil section is attached to the Si support, a small
space between the specimen and the lower SiN, window
nearly always exists for these methods, thereby allowing
either gas or liquid to flow across both sides of the electro-
polished specimen, this is particularly important to insure
full gas/liquid/solid reactions occur uniformly. Positioning
of the specimen along the length of the slotted window is
done at the operator’s discretion. Depending upon the
experiment being conducted and the amount of tilting
required for possible spectroscopy, it can be appropriate to
offset the section from being centered on the long slot to
mitigate XEDS detector shadowing effects.

ExamprLe TEM AND AEM OBSERVATION

Having successfully described a systematic set of procedures
for sectioning, transporting, assembling, and sealing an
electropolished TEM specimen into an in situ E-Cell, in this
last section we end by demonstrating the methodology as
part of the initial stages of a study of localized dissolution in
Type 304 SS in both air and in pure water. In Figures 6a and
6b, we first present a series of images of the single-tilt in situ
holder loaded with a cut-out specimen in an SiN, E-Cell as
examined in the TEM with 1atm of air surrounding the
specimen prepared using the Cut-and-Attach method as
detailed above. The atmospheric pressure surrounding the
specimen was simply achieved by opening the tubing nor-
mally dedicated to transporting liquid to ambient air and
allowing equilibration to occur. This was done to not only
verify the integrity of the cell to hold pressure, but also to
facilitate preliminary TEM observations with minimum
multiple scattering from the media surrounding the
specimen. Conventional diffraction contrast experiments
can be performed in this mode although they are restricted in
nature for two reasons: (1) the in situ E-Chip holder itself is a
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Figure 6. a: Low-magnification bright-field transmission electron microscopic (TEM) image of hybrid sample and
liquid cell window, (b) TEM image in 1atm air, (c¢) TEM image of steel sample immersed in H,O, (d) microstructural
changes to (c) occurring after 27 h of exposure to room temperature H,O.

single-tilt device, and (2) measurements are limited because
of the multiple scattering in the SiN, windows as well as the
presence of ~500 nm of 1atm of air, both of which affect
the image quality. Figure 6c illustrates the effects of the
introduction of H,O carefully into the cell, which gradually
displaces the air present. The presence of liquid can be
recognized by comparing Figure 6b (air) versus Figure 6¢
(water). The reduced contrast and blurring is a direct result
of multiple scattering of the electron beam in the liquid
media both above and below the thin TEM section. It should
also be immediately apparent that the liquid media virtually
obscures any electron diffraction measurements during
in situ liquid studies. This could, of course, be partially
compensated for by either increasing the electron beam
energy and/or decreasing the SiN, window and liquid media
thickness. After initial confirmation of the integrity of the
E-Cell, the specimen was allowed to remain in flowing
water (with the electron beam blanked) for ~27h at room
temperature, this was done to assess any liquid corrosion/
oxidation without the complicating influence of electron
beam effects. Figure 6d shows the microstructural changes
that ensued after the extended exposure to liquid water:
specifically, one observes the formation of discrete “blocky”
structures, which, in this example, appeared as rectilinear
precipitates on the sample after prolonged exposure in water,
as well as bending/distortions of the thin metal film. As the
specimen was mounted on the lower window in anticipation
of TEM imaging experiments, this configuration is not
optimum for STEM/XEDS, and unfortunately once the
specimen configuration is completed it cannot be dis-
assembled and reconfigured on the upper window which is
best for X-ray spectroscopy. Nevertheless, although less than
optimum, in situ XEDS measurements in the liquid cell can
be conducted and provide a qualitative identification of these
coarse discrete microstructural features as Fe-Ni-enriched
Cr-poor oxides (Schilling et al., 2014). The presence of liquid
water is additionally verified by the observation of small
items of occasional floating debris, but more readily by
measuring the magnitude of the SiKa/OKa X-ray line ratio
whose magnitude varies as the media changes from vacuum,
to air, to water (Zaluzec et al., 2014b). We also note that

elemental core-loss imaging using EELS is not feasible
during our liquid water experiments as the relative mean free
path /A under these conditions is significantly >4 and at
these values of thickness (i.e., t/4>> 1) core-loss imaging by
EELS becomes impractical (Holtz et al., 2013; Zaluzec et al.,
2014b). Fortunately, X-ray hyperspectral imaging (Fig. 7) is
not as adversely affected by the presence of liquid water as
is EELS and the distributions of the elemental species is
readily visualized by simply integrating the full-width at
half-maximum of the O, Fe, Ni, and Cr-Ka XEDS peaks
as a function of STEM probe position. Their measurement
confirms that the rectilinear precipitates were enriched in O,
Fe, and Ni and depleted in Cr. The nature of the precise oxide
formed could not be established using electron diffraction
due to the amount of liquid water present, which as stated
earlier precludes all diffraction studies and also contributes
significantly to the O-K signal. As can be observed in the
sum spectrum of Figure 7, a small amount of Pt was
detectable in our XEDS data, which we attribute to the om-Pt
used to attach the specimen onto the Si/SiN, window
and is not surprising. Importantly, no Ga was detected
in the spectral analyses (Fig. 7, inset), which is also consistent
with an optimized and careful FIB milling procedure.
Although no Ga signal was detected in the XEDS spectrum,
we cannot assume it is completely absent, only that it is less
than the detection limit of the XEDS technique in this
experimental configuration. Giannuzzi et al. (2005) has
found that after FIB processing small amounts of
Ga can be present millimeters away using TOF SIMS. Thus,
it would not be surprising if small amounts were present
but not detected.

SuMMARY AND CONCLUSIONS

In summary, a novel set of hybrid electrochemical-FIB sample
preparation procedures for the production of S/TEM samples
from bulk metals/alloys has been developed to facilitate
environmental S/TEM studies. These methodologies have been
successfully applied to in situ environmental S/TEM observa-
tions of extracted electropolished specimens immersed in both
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Figure 7. Hyperspectral images obtained from the Type 304 stainless steel specimen in H,O showing the presence of
FeNi-rich phases (Schilling et al., 2014). Colorized insets are hyperspectral elemental images from Fe (blue), Cr (green),
Ni (yellow), and O (red) Ka X-rays, together with a sum spectra calculated from all pixels. The spectral inset show a
sum spectra from the hyperspectral experiment with the characteristic spectral elements identified, no detectable Ga

was observed above background levels.

ambient air and in H,O, and can be used to prepare a wide
range of samples for other unique in situ environmental S/
TEM and in situ hyperspectral imaging experiments. The
procedures outlined herein provide the community with a
reproducible method of preparing bulk metallic samples and
offers significant promise for the broader application of in situ
liquid/gaseous cell S/TEM studies.
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