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Abstract: This paper reports on the substantial improvement of specimen quality by use of a low voltage
(0.05 to ~1keV), small diameter (~1um), argon ion beam following initial preparation using conventional
broad-beam ion milling or focused ion beam. The specimens show significant reductions in the amorphous
layer thickness and implanted artifacts. The targeted ion milling controls the specimen thickness
according to the needs of advanced aberration-corrected and/or analytical transmission electron microscopy

applications.
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INTRODUCTION

Significant information about a material’s chemistry, magnetic
properties, atom locations, surface characteristics, and micro-
structure can be obtained through transmission electron
microscopy (TEM), which requires artifact-free specimens
to quantify these properties in two and three dimensions.

The TEM specimen preparation techniques used
most commonly involve broad-beam Ar ions or focused ion
beam (FIB), milling using Ga ions in a scanning electron
microscope. Surface damage and unintended ion-implanted
layers incurred during the preparation process are
some artifacts that limit the information that is obtainable
from analytical and high-resolution electron microscopy.
Deleterious surface layers are often a significant fraction of
the total specimen thickness, which affects both the quality
and quantity of the results.

Within the past 20 years, FIB systems incorporating Ga
ion beams of up to 50keV have been applied to preparing
specimens for TEM analysis from almost any solid material.
The thinning and extraction of TEM specimens with accuracy
and site-specificity is an advantage of FIB (Kirk et al., 1989;
Young et al., 1990; Basile et al., 1991; Giannuzzi & Stevie,
1999; Anderson & Klepeis, 2005; Kamino et al., 2005; Jia et al.,
2014). A significant fraction of the specimens produced at any
given laboratory is now prepared using FIB technology.

Advances in aberration-corrected TEM imaging,
monochromation, and enhanced analytical methods have
been achieved during the past decade (Batson et al., 2002).
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Techniques such as energy-dispersive X-ray spectroscopy
(EDXS), electron energy-loss spectroscopy (EELS),
high-angle annular dark-field (HAADF) detection, and
energy-filtered imaging are routinely used for elemental
identification and quantification. Electron tomography for
three-dimensional imaging has also become a common
technique for the physical sciences.

These improvements in the resolution and analytical
capabilities of modern microscopes require the minimiza-
tion of artifacts incurred during the preparation process. For
example, artifacts of specimen thinning with a Ga ion beam
may include surface amorphization, Ga implantation, and
the generation of crystallographic defects (Barna, 1991;
Barber, 1993; Barna et al., 1999; McCaffrey et al., 2001; Kato,
2004; Anderson & Klepeis, 2005; Mayer et al, 2007;
MoberlyChan et al., 2007; Volkert & Minor, 2007). Similarly,
specimens prepared by electrolytic polishing or conventional
mechanical grinding followed by broad-beam ion-thinning
methods can also exhibit surface damage (Barna, 1991;
Barna et al., 1999). Disordered surface layers, such as thin
native oxides, have also been shown to contribute sig-
nificantly to surface plasmon excitations in low-loss EELS
(Scheu et al., 2003; Mkhoyan et al., 2007).

Low energy (<1 keV), inert gas ion milling is an attractive
method (Barna, 1991; Barber, 1993; Barna et al., 1999; Kato,
2004; Geng et al., 2007; Mayer et al., 2007; MoberlyChan et al.,
2007; Volkert & Minor, 2007; Miyajima et al., 2010; Mehrtens
et al,, 2012; Lotnyk et al., 2015) for lessening the effects of
surface damage. For crystalline materials, the ideal procedure
is to reduce progressively the specimen thickness by removing
surface damage layers while leaving the material beneath
undisturbed. Surface damage can constitute a substantial
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fraction of the total specimen thickness (Giannuzzi, 2006);
therefore, reducing the layer thickness can yield thin speci-
mens that are ideal for a variety of imaging and analytical
techniques.

For example, the use of high-resolution transmission
electron microscopy (HRTEM) and EELS often require
specimens to be thinned to meet weak-phase object criteria
and ideally represent the single scattering regime. The pre-
paration challenge is compounded for small (~10 x5 um)
FIB lift-out specimens because post-FIB damage removal
based upon broad-beam jon milling risks redeposition, that
is, a broad beam covers not only the area of interest, but also
affects other parts of the specimen, such as the support grid
onto which the FIB lamella is mounted and the protective
cap layer. As a consequence, material from the grid and the
cap are sputtered and partly redeposited onto the specimen.
Therefore, the ability to focus and selectively target the
milling area is highly desirable to avoid unintended
sputtering and redeposition.

One of the most important criteria for TEM specimen
preparation is to produce an electron-transparent region
that is representative of the bulk material’s structure and
properties while reducing preparation-induced artifacts
to a minimum. The primary preparation-induced artifacts
generated during ion milling are the following:

Ion implantation: The accelerated Ga ions penetrate the
specimen surface creating an artificial layer that has different
properties than the bulk material. Such “dead layer” forma-
tion is a major problem for studies of semiconductor prop-
erties in p—#n junctions or magnetic materials (Cooper et al,,
2009). Post-FIB, low energy, Ar ion milling is able to remove
the Ga-contaminated layer because Ar is lighter than Ga
and rarely forms chemical bonds with other elements
(Unocic et al., 2010).

Amorphization: For both Ga and Ar ions, the high-energy
ionic particles break the chemical bonds of the crystalline
materials and create an amorphous layer on the surface.
Formation of amorphous layer is materials-dependent; semi-
conductor and ceramic materials easily amorphize when
compared with metals (Huh et al, 2013). Decreasing the
energy and the incident angle of the incoming ions can reduce
the effect (Barna et al., 1998).

Surface roughness: The sputtering ions create volume
defects due to surface inhomogeneities and the resulting
sputtering rate differences. Typically, ceramics, oxides, and
multi-phase alloy systems are sensitive to milling-induced
surface roughness. The degree of surface roughness is
exacerbated when specimens contain layers or phases with
different sputtering rates, for example, substrate (sputtering
rate V), layer (V,), protective layer (V3), and Vi#V,#Vs.
Low angle, low energy, Ar ion milling, combined with either
beam rastering or specimen oscillation, can reduce the effect.

Redeposition: Cu, Pt, Au, or other sputtered material
from the FIB lamellae support and the protective cap layer can
redeposit onto the surface of lamellae. The effect can be fully
eliminated by focusing the Ar ion beam at the lamellae and by
positioning the lamellae on the support grid in a way that ions
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only interact with the area of interest on the lamellae. This
method is made possible by the use of Everhart-Thornley
detector technology to image ion-induced secondary elec-
trons, which provides an exact representation of the area
being milled.

Heating: Sputtering of the surface is a localized thermal
effect associated with the energy applied during milling,
which can lead to amorphization, intermixing, and selective
etching of the materials. Cooling the specimen during ion
milling can reduce the effect (Bahnck & Hull, 1990).

The benefits of low energy, inert gas (Ar) ion milling for the
removal of amorphous and implanted surface layers, and the
improvement of microscopy results are described in this paper.

FIB Lift-Out and Focused Ar Ion Beam Milling

TEM specimen preparations of semiconductor materials
systems will be presented that represent characteristic cases
for surface amorphization and roughness. An example for
beam-sensitive material that required low-voltage TEM and
very thin specimen thickness is also presented.

For conventional ion beam technology, the size of the Ar
ion beam can vary from ~300um to 1.5mm full-width at
half-maximum (FWHM). The advantage of broad-beam
technology is that ions can be generated at a sufficiently
low energy to minimize specimen damage; however, at low
energy, the ion beam diameter can greatly increase to a few
millimeters. In a FIB, the Ga ion beam diameter can be on
the order of 5 nm (Utke et al., 2008). An advantage of FIB is
that the use of a liquid metal (Ga) nanometer-sized beam is
often combined with an electron column for imaging during
the preparation process, which enables site-specific specimen
preparation. However, specimen thinning with a Ga ion
beam at sufficiently low energy can be a time-consuming
process and requires a skilled user and a very stable,
well-aligned system (Schaffer et al., 2012).

The challenge was to develop a technology that used inert
ions to avoid chemical alteration, low energy to minimize
amorphous layers, low temperature to reduce heat-induced
damage, and a small ion spot to prevent redeposition. With
these criteria, a unique ion source technology was developed:
an ion beam of sufficiently low energy (as low as 50eV),
concentrated into a small spot (as small as 1um), that
produced sufficient current (~100-150pA) to allow for
reasonable milling rates (~1-8 nm/min). Milling rates are
dependent upon the accelerating voltage of the incident ions,
the corresponding beam current, the milling angle, and the
size of the area targeted by the rastered ion beam. To inves-
tigate the effect of a small-spot Ar ion beams to produce high-
quality electron transparent specimens, TEM and scanning
transmission electron microscopy (STEM) specimens of
several important materials classes were chosen for this study.

The ion source developed for this application uses electrons
from a thermionic emitter (filament) to ionize argon gas.
A series of electrodes, biased at voltages relative to the filament,
guide the primary electrons into an ionizing chamber. A mass
flow controller regulates argon gas flow. Collisions between
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electrons and gas atoms produce ions that are primarily positive
and singularly charged. Some of the ions escape through an
aperture and are accelerated through an electrostatic lens. The
result is that ions impact only a small area of the specimen.
Varying the bias on the lens changes its focal plane and allows
the spot size to be adjusted. The voltage of the ionizing chamber
determines the final particle energy at the target (the specimen),
which is maintained at ground potential. Electrostatic deflectors,
located at the exit of the lens, steer the beam transverse from its
main axis in two directions (horizontal and vertical), which
allows positioning of the spot relative to the target. Under
computer control, the deflectors can scan the beam across a field
of view or locate it at arbitrary points.

To establish the position of the ion beam with respect to the
specimen, an Everhart-Thornley-type secondary electron
detector (SED) was incorporated to image ion-induced
secondary electrons. The ion source was fitted to a vacuum
chamber possessing a specimen stage that can both rotate the
specimen to achieve an appropriate initial orientation and tilt to
yield milling angle adjustability. To further reduce the possibility
of specimen damage, the stage was thermally attached to a liquid
nitrogen dewar that allows ion milling to occur at cryogenic
temperatures (approximately —170 °C). The chamber was also
equipped with a Faraday cup to monitor ion beam current.

MATERIALS AND METHODS

The materials investigated in this study include semiconductor
Si (Figs. 1, 2); MnAs on GaAs (Figs. 3, 4); oxide semiconductor
Co:ZnO on ALO; (Fig. 5); a multilayer of CaTiO; and SrTiO;
(Fig. 6); a Sr,FeMoOg thin film grown on SrTiO; (Fig. 7);
a Ni-based superalloy (Fig. 8); and a structural Ti alloy (Figs. 9,
10) (Li & Yang, 2002). The application examples of the benefit of
low-energy-focused ion milling presented required different
specimen thicknesses in the range of few nanometers to a few
tenths of nanometers according to the imaging or spectroscopy
characterization methods.

Specimens of Si milled with a Ga ion beam were first
prepared to assess the surface chemistry and thickness of
damage. To best prepare FIB lift-out specimens for TEM-
EDXS analysis, a capping layer of 1-2 um of Pt was electron
beam deposited to protect the as-milled surfaces from
further alteration by the Ga ion beam. HRTEM and STEM
imaging and microanalysis were conducted. Specimens for the
other TEM analyses in this work were prepared by mechanical
polishing and conventional broad-beam Ar ion milling.

The FIB specimens were prepared using a Helios NanoLab
400S dual beam system (Thermo Fisher Scientific, Waltham,
MA, USA) equipped with a micromanipulator (Omniprobe,
Oxford Instruments NanoAnalysis, High Wycombe, UK) and
gas injection system for deposition of Pt/C and pure C protective
layer on the surface of the specimen. Post-FIB, low energy
(<1keV) Ar ion milling was conducted using ~1-um
diameter concentrated ion beam in a NanoMill TEM specimen
preparation system (E.A. Fischione Instruments, Inc., Export,
PA, USA). The steps of the post-FIB ion milling processes and
the important parameters are listed in Table 1.

Both conventional and aberration-corrected TEM
observations were used to image the ion-milled specimens. In
some cases, conventional TEM was preferred as a quality
check of the specimens because it is more sensitive to
surface inhomogeneities caused by image contrast than the
aberration-corrected TEM images that usually do not use an
objective aperture for image recording. For TEM studies,
the following microscopes were used: a TEAM 0.5 (United
States Department of Energy, Lawrence Berkeley National
Laboratory, Berkeley, CA, USA) operated at 80 keV, Tecnai G2
and TF20 (Thermo Fisher Scientific) operated at 200keV, a
CM200 (Philips, Koninklijke Philips N.V. Amsterdam, The
Netherlands), and an aberration-corrected Titan (Thermo
Fisher Scientific) operated at 80 and 300 keV.

The decrease in surface damage was characterized
between milling sessions by applying fast Fourier transforms
(FFT) on the acquired images, which indicate the periodicities
conveyed by the objective lens in phase contrast imaging.
The diffuse halo contrast, located near the central region of
the FFT, is associated empirically with surface amorphization,
such that the number of frequencies present in the FFT
increase and the central halo decreases as the amorphous
surface layer is reduced. By initially considering a material’s
sputtering threshold and progressively reducing the Ar ion
beam energy, a steady-state operating point is desired—
whereby the rate of damage removal outweighs the potential
for the creation of new damage (Barnard et al., 2006).

Different dual beam systems may have different para-
meters and additional steps in TEM specimen preparation.
Table 1 summarizes the main procedure and parameters of
TEM specimen preparation using FIB and NanoMill system
that became a standard procedure at the Ernst Ruska-Centre.
Because the NanoMilling process is incorporated into the
specimen preparation procedure, low-energy Ga ion milling
(<5keV) in the FIB is omitted.

The thickness of the electron beam-deposited protective
layer is typically in a range of 100-500 nm, whereas the ion
beam deposited Pt/C layer is ~3-um thick. Deposition of
amorphous carbon and/or the Pt/C layers on the surface of
the lamellae can be advantageous in tuning the aberration
corrector of the microscope.

ResuLts AND DiscussioN

Beam Size and Surface

TEM images collected before and after targeted, low-energy
Ar ion milling® demonstrate that the amorphous damage
layer has been reduced in thickness, as will be demonstrated
in the following.

The removal of thin, damaged surface layers necessitates
the use of relatively slow milling rates to avoid over-thinning
the lamella, which could result in diminished structural
integrity of the specimen. Atomic force microscopy was used

*Throughout the paper “Ar ion milling” refers to small spot Ar ion milling,
if not stated otherwise.
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Figure 1. Si specimen topography after targeted 900 V Ar ion milling. a: 20 x 20 um? area. b: 40 x 40 um? area. Milling
rates were 7.7 and 2.0 nm/min, respectively.
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Figure 2. Si specimen before (a) and after (b) milling using a 200eV Ar ion beam. A final specimen thickness of
~7 nm after milling resulted to sub—Angstrbm lattice spacing evident as shown in image (b) and fast Fourier transform
(inset of b). c: Shows the 1.35 A dumbbell spacing of Si. Images (b) and (c) were acquired using the TEAM 0.5 at an

785

operating voltage of 80 keV.

to measure these rates on Si (100) specimens and to show
the shape of the milled areas, as presented in Figure 1.
Depending upon the milling area chosen, milling rates for
the 900 eV Ar ion beam vary from 7.7 to 2.0 nm/min for
raster box sizes of 20 x 20 um* and 40 x 40 um?, respectively.

Silicon

Silicon is the most widely used semiconducting material from
which integrated circuits are created. Virtually all commercially
available microelectronic devices are Si-based. Pure silicon is
not a conductor; therefore, “doping” pure silicon with very
small amounts of elements such as boron or phosphorus give it
semiconducting properties that are ideal for electronic devices.
Because of the ubiquitous nature of silicon in the semi-
conductor industry, a silicon specimen was prepared for this
research. Figure 2 demonstrates that by thinning with a 200 eV
Ar jon beam, high-quality TEM specimens can be achieved that

allow for imaging with sub-Angstrém resolution.

MnAs on GaAs Substrate

MnAs is a room temperature ferromagnetic pnictide that can
be easily grown in epitaxy with semiconductor substrates of
GaAs and Si (Das et al., 2003). Figure 3a shows a bright-field
transmission electron microscopy (BF-TEM) image of the
FIB-prepared specimen before low-energy Ar ion milling.
Figure 3b displays a HRTEM image of the same location. The
dark-contrast variation in GaAs in Figure 3b is due to the
presence of a damaged layer on the surface. The specimen
was Ar ion milled from both sides at 900 and 500 eV energies
and incident angles of 10 and 12°, respectively. The Ar ion
milling was precisely targeted on the specimen using the
NanoMill system’s SED; the SED image is shown in
Figure 3c. Low-energy ion milling successfully removed most
of the specimen damage, as shown in Figure 3d.

The high-energy sputtering process with Ga ions not only
damages the surface of the specimen, but also makes it rough.
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GaAs
100 nm

Cu Omniprobe grid

FIB lamellae

Figure 3. a: Bright-field transmission electron microscopy image of MnAs on GaAs after focused ion beam (FIB)
preparation finished at 5keV. b: High-resolution transmission electron microscopy (HRTEM) image of GaAs showing
the patchy contrast due to surface amorphization and roughness. ¢: Image of the FIB lamella and Omniprobe grid
in the NanoMill system. Ion beam energy is 900 eV, tilt 15°. d: HRTEM image of GaAs after ion milling at 500 eV at
12° for 30 min.

Figure 4. High-resolution transmission electron microscopy images of GaAs edge after (a) focused ion beam prepara-
tion at 5keV, (b) Ar ion milling at 900 eV for 10 min at 10°, and (c) Ar ion milling at 500 eV for 20 min at 10°.

Figure 4 shows the improvement in specimen condition as it ~ amorphous layer on GaAs and an inhomogeneous surface
moves through the low-energy ion milling process. The 5keV ~ with ~5nm roughness, as shown in Figure 4a, where the
energy Ga ion beam produced a 10- to 20-nm thick  roughness can be estimated from the jagged edge of the
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crystalline part of the specimen. Ar ion milling at 900 eV for
10 min removed most of the amorphous layer from the sur-
face, but the milling process was not sufficiently long to
remove all the FIB damage and the roughness remained
relatively the same. Additional milling at 500 eV removed
almost all the amorphous GaAs from the surface and rough-
ness was reduced, as well. The removal of the surface damage
part of the specimen results in a reduced thickness, which may
improve the image contrast of the BF-TEM image.

Co0:Zn0O on Al,O; Substrate

Oxides are popular as substrates in thin-film growth techno-
logies to generate various epitaxial layers. Oxide materials, in
interaction with high-energy ions, typically form a lesser
amount of an amorphous layer on the surface, but are more
sensitive to selective sputtering, which may result in a high
surface roughness. Figure 5 shows the images of Co-doped
ZnO thin film (Kovécs et al, 2013) deposited on ALO;
(sapphire) as an example of substantial surface modification.
The slightly defocused BF-TEM image of the substrate,
Figure 5b, shows the nanometer-sized “pits” in sapphire after
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FIB preparation at 5keV, which are eliminated by the
sequential milling of the specimen at 900 and 500 eV with a
concentrated Ar ion beam, as shown in Figures 5c and 5d.

The vertical contrast lines visible in Figures 5a, and 5b
are due to the so-called “curtaining effect” (Giannuzzi &
Stevie, 1999), which forms due to sputtering rate differences
in the specimen. The main source of curtaining in this spe-
cimen was the relatively rough polycrystalline structure of
the ion beam-deposited Pt/C protective layer. The “curtain-
ing” effect can be greatly reduced by depositing a homo-
genous protective layer on the top of the samples, for
example, pure carbon or tungsten, in the FIB. In addition, the
NanoMill system ion milling process minimizes the cur-
taining effect, as shown in Figures 5c and 5d.

Examples for Quantitative TEM

(aberration corrected)

In addition to the possibility of reducing the surface damage
layer, the adjustment of the layer thickness is equally
important for quantitative studies of material properties
using aberration-corrected TEM, which often requires fixed

sapphire

Figure 5. a: Bright-field transmission electron microscopy image of Co-doped ZnO thin film deposited on sapphire
substrate after the focused ion beam preparation finished at 5keV. The specimen thickness is ~100 nm. b: Magnified
image of the sapphire substrate showing round shape contrast of hollow regions and line contrast of a curtaining effect.
c: High-resolution transmission electron microscopy (HRTEM) image of sapphire after milling at 900 eV for 5min
with Ar ions. d: HRTEM image of sapphire after milling at 500 eV for an additional 15 min with Ar ions.
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Figure 6. a: Unprocessed aberration-corrected high-resolution transmission electron microscopy image of CaTiO; and
SrTiO; multilayer and its Fourier transform shown in (b). ¢: Part of the CaTiO; layer displayed in larger magnification
together with a schematic of the atomic structure. Clearly, oxygen columns are resolved.

and/or very thin specimen thickness—in some cases,
<10nm (Jia et al, 2010). Specimen thickness is also an
important factor in studies of beam-sensitive materials
because they require low-acceleration voltages (<100 keV) in
the TEM.

Figure 6 shows a HRTEM image of a CaTiO3/SrTiO;
multilayer specimen recorded at negative C, conditions (Jia
et al., 2010) using the spherical and chromatic aberration-
corrected microscope operated at 80 keV. The FIB lamellae
preparation was done in accordance with the steps shown
in Table 1, whereas the final milling was done at 500 eV using
Ar jons. Despite the low acceleration voltage, the atomic
columns of Sr, Ti, and Ca are clearly resolved and relatively
equal in brightness. In between these positions, weaker
contrast produced by the oxygen columns are observed and
shown in Figure 6¢.

Although the HRTEM image represents the pinnacle of
quantitative TEM imaging due to specimen and instru-
mentation; of equal importance is the more commonly
applied technique of quantitative HAADF-STEM imaging
(LeBeau et al., 2008; LeBeau et al., 2009; LeBeau et al., 20104,
2010b). This technique requires linearization of the HAADF
detector, which has shown that column intensity scales
with atomic number (Z) ~Z"™'° (Hartel et al., 1996; Rafferty
et al, 2001) through incoherent signal collection. For
clean specimens <10nm in thickness, it is possible to
chemically identify atomic columns determined by the
corresponding HAADF intensity. A specimen that permits
quantitative HAADF-STEM imaging and the corresponding
column identification is shown in Figures 7a and 7b,
respectively (Hauser et al., 2011). The HAADF image was
acquired using a third-order aberration- and probe-
corrected Titan STEM equipped with an annular dark-field

detector (E.A. Fischione Instruments, Inc.). The STEM was
operated at 300 keV and is presented with no image filtering to
highlight the uniform imaging conditions possible following
low-energy Ar ion milling, which reduces residual surface
artifacts.

Examples of Structural Metallurgical Alloys

A common technique for the analysis of metallurgical
specimens is the preparation of 3 mm discs by mechanical
dimpling and broad-beam ion milling. The final surface
quality of 3mm discs and the corresponding analytical
electron microscopy results can be improved with
low-energy Ar ion milling. This approach is also useful for
specimens that acquire surface oxidation during storage.

Results obtained for a Ni-based superalloy specimen
that was dimpled mechanically and broad-beam milled
(5keV with Ar ions) are shown in Figure 8a. The progressive
improvement in HRTEM image clarity and the reduction of
surface mottling related to the smoothing of topography as
the incident Ar ion beam energy is reduced from 5 to 500 eV
is observed in Figures 8b and 8c.

FIB preparation with a Ga ion beam for site specific, as
well as crystallographically oriented, metallurgical specimens
has become the preferred method for many researchers
involved in characterizing deformation behavior along spe-
cific crystallographic planes. One of the most important
aspects of structural alloy characterization when using the
TEM is dislocation and defect analysis for correlation of the
alloy’s structure with mechanical behavior. Classically, this
characterization was performed using diffraction contrast
techniques and tilting to reveal the nature of the defects.
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Table1. Transmission Electron Microscopy (TEM) Specimen Preparation Steps and Main Parameters Using Focused Ion Beam (FIB) and the NanoMill TEM Specimen Preparation System.

Beam Energy Beam Incident
Specimen Preparation® (keV) Current Angle Size or Time Remarks/Notes
FIB Milling® Pt/C protective layer deposition 5 55 pA 0 « Electron beam used for deposition
» Use is material dependent
C protective layer deposition 5 55 pA 0 « Electron beam used for deposition
« Use is material dependent
Pt/C protective layer deposition 30 0.28 nA 52° Ga ion beam used
Trench cut 30 21 nA 52 Two trenches, each Lamellae thickness down to ~ 3 yum
20x 8 ym
J-undercut 30 6.5nA 7
Lift out and weld the lamella to an Omniprobe 22.5x1x 1.5um Pt strip at 30keV, 48 pA
grid using a micromanipulator
Thinning 30 2.8 nA +2 Down to ~ 1.5 um (CCS®)
30 0.92 nA +1.5 < 1pum (CCS°)
30 0.46 nA +1.5 < 0.5 um (CCS°)
30 93 pA +1.2 ~0.2 ym (rectangular box)
Thinning 5 47 pA +5 ~0.1 ym (rectangular box)
NanoMilling Thinning* 0.9 120 uA? +10 ~ 30 min « Current is measured using a Faraday cup
process® » Time is specimen dependent
Thinning® 0.5 120 uA? +12/-10°  ~40min « Current is measured using a Faraday cup
« Time is specimen dependent
Thinning® <0.5 120 uA? +14/-10°  ~40min Beam-sensitive materials
Optional thinning at cryogenic temperature 0.2-0.9 120 uA? » Beam-sensitive materials

» Materials containing polymers

“Steps may vary according to specimen material and requirements. Depositing a 20-nm thick Pt or C layer to the surface can reduce charging of insulating materials in the scanning electron microscope/FIB. FIB

procedure is 2-4 h.

PNanoMill system thinning ranges from a few minutes to 1h and is largely dependent upon the initial lamella condition and, in particular, its corresponding thickness.

“Milling time and incident angles depend on the material, damaged layer thickness, and required final thickness of the lamellae. Milling current is adjustable.
YEmission current.

°CCS, cleaning cross-section.
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Figure 7. Unfiltered, aberration-corrected high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images of a Sr,FeMoOg thin film grown on SrTiO;. a: Uniform, damage-minimized
surface condition is shown. b: A schematic with the corresponding HAADEF-STEM image showing the
projection of the double perovskite ordering along the <110> and the Mo-Fe ordering separated by a Sr chain
(Hauser et al., 2011).

Figure 8. Improvement in high-resolution transmission electron microscopy images from a Ni-based superalloy speci-
men after successive applications of low-energy Ar ion milling are shown for the image quality following (a) broad-
beam milling at 5keV, (b) Ar ion milling at 2keV and (c) 500 eV. The improvement in image quality is characterized

with the inset fast Fourier transform for each image.

While diffraction contrast has been and will continue to
be a vital characterization method for structural alloys using
the TEM, one disadvantage associated with the diffraction
contrast technique for defect analysis involves the very basis
of the technique, namely dynamical scattering. For example,
when characterizing dislocation substructures, the presence
of bend contours and surface damage can obscure large parts
of an image, as shown in Figure 9a.

Mills and his colleagues have shown that significant
advantages may be accrued by using STEM to reduce the
extent of the dynamical contrast, while retaining the ability
to characterize defects following the traditional “TEM rules”
of diffraction contrast (Phillips et al., 2011). This STEM
technique allows a rapid characterization of dislocation
substructures and permits the analysis of much thicker spe-
cimens, which enables the collection of more robust data.
Figure 9b shows an increased magnification relative to
Figure 9a, the oval indicates the same lath in both images.
The dominant dark contrast, observed in Figure 9a, is indi-
cative of the residual damage and amorphization that occurs
during Ga ion milling. This diffraction contrast is prohibitive
to analysis and must be removed for characterization of the
salient microstructural features present in the alloy. The
result of subsequent low-energy Ar ion milling of the surface

at 500 eV is shown in Figure 9b and reveals the dislocation
substructure desired for analysis.

Not unexpectedly, the residual surface modifications
from Ga ion milling also manifest in STEM diffraction con-
trast techniques and can prohibit characterization, as shown in
Figure 10a. Figures 10a and 10c are bright-field STEM images
of a structural titanium alloy. The subsequent improvement in
imaging quality with decreasing ion milling beam energy is
evident in Figure 10c—clear separation of dislocations and no
undesirable contrast modulations in the matrix.

Specimen preparation artifacts can be resolution limiting
for analytical TEM, in part due to surface modification and/or
damage of the lattice, which results in scattering of the electron
beam in an undesirable fashion and obscures microstructural
features. FIB preparation is increasingly ubiquitous; thus,
to prepare high-quality TEM specimens for qualitative and
quantitative methods as shown above, low-kilovolt Ar ion
milling is critical. The modified specimen surface layer may
exhibit an altered chemical composition at interfaces of interest
as a result of Ga FIB preparation. Our results show that uni-
form and damage-free specimens can be produced using the
NanoMill system; a small spot from sufficiently low ion energy
(as low as 50 eV) produces enough current (~100-150 pA) to
allow for reasonable milling rates (~1-8 nm/min).
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Figure 9. Conventional diffraction contrast images of a structural titanium alloy taken at different magnifications and
areas showing the lath feature labeled in (a) and (b). The arrows in (b) indicate the dark linear features as dislocations.
Note the marked reduction in “black spot” contrast when compared with (a), which permits clear observation of

dislocations in (b) after NanoMilling.

Figure 10. Bright-field scanning transmission electron microscopy images of a structural titanium alloy characterizing
the dislocation structure. The arrows indicate the same dislocation in (a), (b), and (c). The black spots in (a) are indica-
tive of diffraction contrast from 30keV Ga ion surface modification and obscure the desired dislocation information.
Although the image improved after 5keV ion milling, the separation between dislocations is not as evident as observed
in (c). The intensity variation between matrix and dislocation is maximized after 500 eV milling, (c).

CONCLUSIONS
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