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Abstract: A procedure based on focused ion beam milling and in situ lift-out is introduced for the preparation of
high-quality specimens for in situ annealing experiments in the transmission electron microscope. The procedure
allows an electron-transparent lamella to be cleaned directly on a heating chip using a low ion energy and back-
side milling in order to minimize redeposition and damage. The approach is illustrated through the preparation of

an Al-Mn-Fe complex metallic alloy specimen.
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INTRODUCTION

In situ annealing experiments in the transmission electron
microscope (TEM) permit real-time observations of ther-
mally activated processes, such as the evolution of stress
in thin films (Venkatraman et al.,, 1990), recrystallization
processes (Zheng et al,1991), abnormal grain growth
(Longworth & Thompson, 1991), interdiffusion (Radulescu
et al., 2000), and dislocation propagation (Legros et al.,
2001). Until now, most TEM specimens used for in situ
experiments have been 3-mm-diameter samples prepared
by conventional preparation techniques. Such specimen
geometries make in situ annealing experiments very chal-
lenging as a result of the need to heat an entire 3-mm sample,
which results in drift owing to thermal expansion of the spe-
cimen stage. Although water cooling can be used to mitigate
excessive heating of the specimen stage, it is difficult to
balance heating power and cooling rate to set an equilibrium
temperature. Recent developments in microelectromechanical
systems (MEMS)-based heating stages open new opportunities
for easy, fast, and reliable in situ annealing experiments (van
Huis et al., 2008, 2009; Figuerola et al., 2010; Xu et al., 2013).
However, approaches for TEM specimen preparation for
MEMS devices have not yet been optimized.

Focused ion beam (FIB) milling is a well-established
technique for preparing specimens for TEM (Giannuzzi
etal., 1997; Langford & Petford-Long, 2000; Kempshall et al.,
2002; Rogers et al., 2005; Jeangros et al., 2010; Harlow et al.,
2014). The main advantages of FIB milling over conven-
tional TEM specimen preparation include fast and repro-
ducible preparation and site specificity. In situ FIB milling
and lift-out have been used to prepare micrometer-wide
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lamellae after deposition of bulk specimens onto straining
devices (Field & Papin, 2004). Radulescu et al. (2000) pre-
pared a TEM lamella to study interdiffusion of Pd and Ge
contacts to GaAs at temperatures below 400°C. It has also
been shown that the implantation of Ga can be reduced by a
factor of 2.5-3.0 by reducing the final milling voltage from 30
to 5kV (Langford et al., 2001). Recently, owing to
improvements in ion optics, low energy milling can be used
without sacrificing spatial resolution during imaging in the
FIB. FIB-prepared specimens have also been shown to be
suitable for atomic-resolution spectroscopy (Ramasse et al.,
2009) and imaging (Schaffer et al., 2012).

Here, we report on developments in the fabrication of
TEM specimens for in situ annealing experiments using a
MEMS-based heating system. We illustrate the method by
presenting results obtained from the Al-Mn-Fe phase of a
complex metallic alloy (CMA), for which the understanding of
plastic deformation and dislocation mechanisms, both under
strain and at elevated temperature, are important (Heggen
et al.,, 2010, 2011; Balanetshyy et al., 2011). The specimen is
shown to have few preparation artifacts, crystallographic
integrity, and little Ga contamination. More details about
in situ TEM observations of dislocation propagation at
elevated temperature in this alloy will be reported separately.

MATERIALS AND METHODS

An FEI dual-beam FIB Helios (FEI Company, Eindhoven,
The Netherlands) workstation equipped with (1) an in situ
micro-manipulator, (2) a Pt gas injector system, (3) an a-flip
(AF) stage, and (4) a scanning transmission electron micro-
scope (STEM) detector was used for this work. MEMS chips
from DENSsolutions (DENSsolutions, Delft, Pays-Bas) were
held on the AF stage using a homemade holder, whose
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Figure 1. a: Design drawing of a homemade focused ion beam holder used to mount multiple DENSsolutions heater
chips onto an FEI Nanolab flip stage. b: The main components of the DENSsolutions double-tilt heating system. The
inset shows a micro-hotplate at the center of a heater chip with electron-transparent windows. The scale bar is 100 pm.
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Figure 2. Schematic diagram showing the configuration of an FEI
dual-beam FIB Helios workstation with the o-flip (AF) holder
mounted on the stage. The solid orange lines show the AF and tilt
angles. The dotted orange line shows the total tilt angle of the
specimen compared with the horizontal. The inset shows a sche-
matic diagram of a transmission electron microscopic lamella to
define the terms used in the text. FIB, focused ion beam.

design is shown in Figure 1. By using this holder, the chips
could be tilted from —4 to 60° using the stage tilt and by an
additional 0-100° using the AF stage, resulting in a total
available tilt range of 164°. The geometry of the FEI work-
station and the definition of the angles used in this study are
shown in Figure 2. In order to minimize surface damage
using low-voltage FIB milling while maintaining good spatial
resolution, before starting the procedure the currents and
voltages of the ion and electron beams were aligned and set
to be coincident. Successful TEM sample preparation with
minimal damage was achieved by not irradiating the lamella
directly, but by imaging its surfaces only using a “reduced
area” that did not coincide with the region of interest.
According to the nomenclature used in the FEI software (FEI
Company, xT, 2003), the “regular cross-section” (RCS)
scanning pattern for milling staircase-shaped patterns was
used for almost all of the milling steps, with the exception of
steps 4, 5, and 6 (see Table 1), for which FEI's “rectangle”
scanning pattern was used for Pt deposition.

TEM experiments were carried out in an FEI Tecnai G20
microscope (FEI Company, Eindhoven, The Netherlands)
operated at 200kV, with energy-dispersive X-ray (EDX)

spectroscopy performed using an EDAX Si(Li) detector
(EDAX Inc., Mahwah, NJ, USA). EDX linescans were recorded
using an acquisition time of 1 s/pixel at 10 eV/channel.

A DENSsolutions DH30 MEMS-based double-tilt
heating holder (Fig. 1b) was used for in situ annealing
experiments. The heating system comprises four main
components: (i) a low-drift TEM holder with electrical
connections, (ii) a MEMS-based heating chip, (iii) a
computer to control the heating system, and (iv) a control
box. A software interface is combined with the control box
(outside the TEM) to enable communication between the
heater chip and the computer. Each heating chip is used as a
sample carrier that replaces a traditional TEM grid and has
dimensions of 3.9 x 3.2 mm. It contains a micrometer-sized
Pt spiral, which is sandwiched inside a nanometer-thick
SiN, membrane that is used as a micro-hotplate and requires
only a few milliwatt to heat a sample from room temperature
to 1,000°C. Owing to the small mass and thermal capacity
of this structure, its temperature can be changed at a rate
of 10° °C/s, achieving a stability of 107> °C/s within a few
seconds, resulting in minimal specimen drift. It therefore
offers a stable platform for atomic-resolution in situ heating/
biasing experiments. Between the Pt spirals, there are mul-
tiple micrometer-sized electron-transparent windows, where
a TEM lamella can be placed. These windows can be made of
thin amorphous SiN,, amorphous C, or, for the procedure
described in this paper, can be left free in the form of holes.

REsuLTs AND DiscussioN

Here, we present results illustrating a FIB-based approach
for specimen preparation for in situ TEM annealing experi-
ments using heater chips.

Specimen Transfer onto the Heater Chip

This section describes the release and transfer of a thick TEM
lamella with dimensions of ~20x10x3 ym from a bulk
specimen onto a heater chip. As TEM specimen preparation
is highly material dependent, the milling voltages and cur-
rents described here are appropriate for a CMA sample and
may need to be adjusted for other materials. This section is
divided into three parts: (i) release of a thick TEM lamella
from a bulk specimen, (ii) rotation of the lamella on the AF
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Figure 3. a-i: Scanning electron microscopic images of the different steps used to transfer a 20103 pm lamella from
bulk material to a double-tilt heater chip. The tilt angles, positions of the micro-manipulator and Pt needle, and the
deposition and etching parameters are given in Table 1. The red arrows in (i) indicate ion-beam-deposited Pt (see text
for details).

stage, and (iii) transfer of the lamella to the heater chip.
Before introducing the specimen into the FIB system, it is
polished to ensure a flat surface that is free of contaminants,
which would lead to the presence of particles on the surface
of the sample.

Release of the TEM Lamella

In the present study, the release of a TEM lamella from a bulk
specimen is similar to the procedure used in most in situ FIB
lift-out approaches reported previously (Schaffer et al.,
2012). The final milling steps can be performed either
in “front-side” or in “back-side” milling configuration
(Dunin-Borkowski et al., 2005). In the back-side configura-
tion, the specimen is exposed directly to the FIB during the
“thinning steps” (steps 15-19 in Table 1) from the reverse
side to that used for Pt deposition (steps 1-2 in Table 1).
Although it was not essential for the present study, this

approach may be used to reduce curtaining effects arising
from the presence of Pt nanocrystals in the protection layer
and variations in surface composition or roughness. As there
is usually no Pt layer on the back side of the specimen, the
width of the lamella should be sufficient to retain undamaged
regions close to the front side (step 1 in Table 1). Figure 3
shows the key steps in this procedure: (i) deposition of the Pt
protection layers, (ii) partial release of the thick lamella, and
(iii) its attachment to the micro-manipulator. It is important
to perform the “bottom milling” steps using an L-shaped
pattern and to rotate the specimen by 180° between steps 4
and 5, as shown in Table 1. In this way, the back side of the
lamella takes the form of a V shape and the line on the upper
surface of the lamella (marked as a dotted line in Fig. 4a)
indicates its center, allowing for optimal positioning of the
milling patterns during the “thinning steps” in the back-side
milling configuration.
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Figure 4. a-c: Focused ion beam (FIB) and (d-f) scanning electron microscopic (SEM) images of the different thinning
steps. The tilt angles and milling parameters are given in Table 1: (a) and (d) were acquired after transfer of the lamella
onto the chip; (b) and (e) were acquired after milling at 81 pA (step 17 in Table 1); and (c) and (f) after milling at 47
pA (step 18 in Table 1); (g) bright-field; (h) dark-field; and (i) high-angle annular dark-field scanning transmission
electron microscopic (STEM) images taken with the STEM detector of the FEI dual-beam Nanolab FIB Helios system.
The scale bar for the FIB and SEM images is given in (f), while the scale bar of the STEM images is given in (i). The
dot line in (a) shows the edge of the V shape created by the milling in steps 4 and 5 in Table 1, in this way the middle
of the lamella can be found when using the back-side milling configuration during the thinning procedure.

Transfer of the TEM Lamella onto the TEM Grid

This part of the procedure involves rotating the lamella by
90° about the horizontal axis so that it is horizontal and
ultimately close to being parallel to the heater chip surface.
Steps 8-12 in Table 1 describe this process. Moreover,
depending on the angle of the Cu grid compared to the
lamella, front-side and back-side milling configurations can be
performed during the later thinning procedure. Care is
required when attaching and releasing the lamella using the
micro-manipulator, as any pressure applied during these steps
may result in slight rotation or tilt of the lamella, leading to
difficulties during the “thinning steps.” Steps 8-12 in Table 1

correspond to Figures 3d to 3g, respectively. Figures 3d and 3e
show the first transfer of the lamella to the grid with the AF stage
set 90° as we decided to perform back-side milling in this
example. If the front-side milling would have been preferred, the
AF stage would have been set to 0°. After the lamella has been
released to the micro-manipulator, the AF stage is then rotated
to a setting of 0° for back-side milling (90° in the case of front-
side milling), in order for the lamella to be close to horizontal.
The lamella is then reattached to the micro-manipulator and
detached from the grid using the FIB, and the standard grid
holder is exchanged for the homemade FIB holder (Fig. 1) by
venting the chamber of the FIB workstation. These steps take
15 min of FIB time, plus the venting time of the main chamber.
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Figure 5. High-resolution transmission electron microscopic images of the complex metallic alloy specimen attached
to a DENSsolutions double-tilt heater chip for annealing experiments. a: Lower side of the lamella in the back-side mil-
ling configuration [exposed to the focused ion beam (FIB) during the thinning procedure]. b: Magnified area shown by
the red box in (a), ~50 nm from the specimen edge. The red arrows in (a) show the FIB milling direction.

Transfer of the Lamella to the Heater Chip

The next part of the procedure involves transfer of the
thick lamella, which was previously rotated to a horizontal
position, from the grid to the heater chip. The lamella should
be placed as parallel as possible to the heater chip surface, in
order to be able to take advantage of the full tilt range offered
by the double-tilt heating holder (inset in Fig. 1). During the
transfer steps, the lamella is in the horizontal position and
may therefore be irradiated by the FIB if insufficient care is
taken. In order to minimize damage due to irradiation,
snapshots rather than continuous images are recorded when
imaging with the FIB. The FIB energy is also switched to
5keV in order to decrease the penetration depth of the Ga
ions and to prevent contamination of the inner part of the
lamella. Although the lamella should ideally be parallel to the
heater chip surface, it can then only be thinned from one
side, which is not desirable as both sides have to be cleaned.
We found the optimal angle between the lamella and the
heater chip to be ~13°. Figure 3h shows a lamella in its final
position on the heater chip, still attached to the micro-
manipulator, for which the stage tilt is set to 13°. Figure 3i
shows the lamella attached to the heater chip at its lower
surface using Pt deposition (marked by red arrows in Fig. 3i).
The micro-manipulator tip is then cut free from the lamella
(step 14 in Table 1).

Thinning Procedure

The FIB milling parameters, including the specimen thick-
nesses at which the accelerating voltage should be changed
and the sample tilts used during milling, depend on the
material system, and the values given here are optimal for
preparing a CMA specimen to study dislocation propaga-
tion. In order to minimize Ga penetration into the lamella,
the FIB was operated at 5kV for all of the milling steps. The
voltage was decreased progressively during the thinning

procedure as the lamella became thinner, as described in
steps 15-19 in Table 1. Each step was performed using FEI’s
RCS scanning pattern. Lower FIB energies than those
given in Table 1 can be used after step 19 if the sample is
particularly sensitive to Ga damage. The present specimen
geometry allows a first check to be performed using a STEM
detector inside the FIB system. Figures 4g to 4i show bright-
field (BF), dark-field, and high-angle annular dark-field
(HAADF) STEM images of the CMA lamella prepared in the
present study.

BF and High-Resolution Transmission Electron
Microscopy (HRTEM) Imaging
HRTEM images of the final TEM lamella on the heater chip
are shown in Figure 5. Figure 5a shows the most unfavorable
part of the lamella in terms of ion irradiation damage, i.e., the
back-side surface of the lamella that was exposed to the FIB
during the thinning steps in the back-side milling configura-
tion without a protective Pt layer. The damaged upper-most
part of the lamella comprises ~10 nm of amorphized material
and a further ~10 nm damaged layer that is not fully amor-
phized. If required, the use of a lower FIB voltage than 5kV
during the final thinning steps could be used to reduce the
thickness of these damaged layers (Schaffer et al., 2012).
More importantly, the thickness of the damaged layer in
the region of primary interest on the lamella, i.e., on its lateral
sides, is much thinner than the value of 20 nm mentioned
above. In these regions, FIB damage is not caused by direct
implantation of Ga ions at an angle of 90 + 5° to the front side
of the lamella, according to step 19 in Table 1 (as shown by
the red arrows in Fig. 5a), but by ions that travel parallel to the
lateral sides of the lamella. The penetration depth of these
ions is expected to be approximately one order of magnitude
lower when compared with that for 90° implantation (Orloff
et al., 2003). Figure 5b shows an HRTEM image taken 50 nm
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Figure 6. Energy-dispersive X-ray spectroscopy linescan recorded
close to the specimen edge along the red arrow shown in the
high-angle annular dark-field (HAADF) scanning transmission
electron microscopic image (inset). The horizontal black lines
show the average elemental concentration of each element 50 -200
nm from the specimen edge.

from the top edge of the lamella. Damage cannot be discerned
in Figure 5b and the image quality can be compared with
state-of-the-art HRTEM images of similar materials pub-
lished elsewhere (Heggen et al,, 2010, 2011). No significant
specimen thickness variations at high magnification, which
would result in strong lattice fringe contrast variations in a
CMA material that has a large unit cell, are visible.

EDX Spectroscopy

In order to check for the presence of Ga due to FIB
specimen preparation, EDX spectra were acquired from the
upper-most part of the lamella obtained in the back-side
milling configuration (close to the back-side surface). The
inset to Figure 6 shows an HAADF STEM image recorded
from this area of the specimen. Figure 6 shows Ga, Al, Mn,
and Fe compositional profiles measured along the line
marked by a red arrow in the HAADF STEM image. Within
the first ~20 nm of the upper-most part of the lamella, the Ga
concentration is significant, reaching a value of 100 at%
at the specimen edge. At a distance of >50 nm from the
specimen edge, the measured Ga concentration is below the
detection limit of our EDX setup, while the concentration
of elements in the CMA material is close to that reported
previously, providing confidence in the EDX spectroscopy
measurements, which were obtained using K edges and
k-factors calculated using FEI's TIA software.

CONCLUSIONS

The complete preparation of TEM specimens for in situ
TEM annealing experiments in a FIB workstation has
been described. The final specimen quality is suitable for

state-of-the-art TEM studies at elevated temperature. Similar
procedures could be used to prepare TEM specimens for
in situ straining and in situ electrical biasing experiments on
MEMS-based devices.
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