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A B S T R A C T

Reducing ion beam damage from the focused ion beam (FIB) during fabrication of cross sections is a well-known
challenge for materials characterization, especially cross sectional characterization of nanostructures. To address
this, a new method has been developed for cross section fabrication enabling high resolution transmission
electron microscopy (TEM) analysis of 3-D nanostructures free of surrounding material and free of damage
detectable by TEM analysis. Before FIB processing, nanopillars are encapsulated in a sacrificial oxide which acts
as a protective layer during FIB milling. The cross sectional TEM lamella containing the nanopillars is then
mounted and thinned with some modifications to conventional FIB sample preparation that provide stability for
the lamella during the following wet-chemical dip etch. The wet-chemical etch of the TEM lamella removes the
sacrificial oxide layer, freeing the nanopillars from any material that would obscure TEM imaging. Both high
resolution TEM and aberration corrected scanning TEM images of Si/SiGe pillars with diameters down to 30 nm
demonstrate the successful application of this approach.

1. Introduction

While the focused ion beam (FIB) has been used for many applica-
tions ranging from micromachining [1,2] to tomographic character-
ization [3,4], the most common use is arguably the fabrication of
samples for transmission electron microscopy (TEM) [5-9]. The pow-
erful ability to fabricate site-specific cross sectional samples without
destroying a large portion of the surrounding material via the FIB in situ
lift-out method has proven especially useful in the microelectronics
industry [10–14]. However, as dimensions decrease and complexity
increases in modern day electronic devices, additional challenges arise
in cross sectional TEM characterization. In particular, the character-
ization of 3-D nanostructures such as those used in quantum emitters
[15], sensing applications [16], and vertical transistors [17–19] is
problematic due to the nanometer scale size of these structures. This
makes it difficult to capture 3-D nanostructures in a FIB lift-out lamella
without either ion beam damage to the nanostructures during thinning
or the unwanted presence of obscuring material in front of and behind
the nanostructure if the operator chooses to avoid damage by not
thinning all the way down to the 3-D nanostructures. While the

challenge of removing or minimizing the damage layer caused by ion
beam milling has been largely addressed in bulk material cross section
fabrication, attempts to minimize or remove the damage layer on 3-D
nanostructure cross sections have not yet been reported. This challenge,
particularly in the face of the prolific use of 3-D nanostructures, re-
quires a novel approach to prevent damage to the sample of interest
while enabling high resolution imaging through electron transparent
TEM lamellae.

The damage layer introduced to the TEM cross section by the ion
beam during thinning of the lamella is one of the universal challenges
in FIB lift-out specimens [20]. The damaged layers sandwich the spe-
cimen, resulting in a 2-D projection of the sample that contains both
amorphous and crystalline material. The phase distortion caused by the
amorphous layers in the electron wave propagating through the sample
in high resolution (phase contrast) TEM micrographs causes a loss of
information about the embedded crystalline region of interest [21].
Scanning transmission electron microscopy (STEM), while less affected
by sample thickness issues and amorphous damage layers, still suffers
from an increase in background noise due to electron scattering from
the amorphous layers sandwiching the crystalline material [22,23].
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These amorphous layers also increase the STEM probe size thus redu-
cing image resolution. Therefore, in the interest of high resolution S/
TEM images it is desirable to eliminate as much of the amorphous
material surrounding crystalline samples as possible.

There are several approaches to minimize or remove this layer, in-
cluding careful ion beam thinning using successively lower ion beam
voltages [24]. In many cases this allows the fabrication of TEM lamellae
with damage layer thicknesses of down to approximately 2 nm on each
side. Another approach has employed wet etching to remove the
amorphous damage layers from the sidewalls of TEM specimens made
using the trench method [25]. This wet etch removes the entire damage
region, leaving the lamella without layers of amorphous damaged
material that reduces the resolution of TEM analysis. However, the FIB
trench method that was necessary to keep these lamellae stable during
the wet etch is somewhat destructive to the sample and does not allow
the fabrication of multiple FIB lamellae from the same area of the
sample. Plasma etching [26] and Ar+ milling [27] have also been
successful in reducing the damage layers inherent in FIB processing.
However, these methods do not address the issues around structures
that are 3-D (such as vertical wires) as opposed to 2-D (such as fins) or
bulk materials.

To view these 3-D nanostructures in cross section via the FIB lift-out
method, two options are currently available during the thinning pro-
cess. The first option is to thin the TEM lamella until it is the thickness
of the 3-D nanostructure, removing the material in front of and behind
the nanostructure. However, this does not work for circular structures
like vertical nanowires, where the edges of the structure will still have
unwanted surrounding material. In addition, accurately capturing sub-
100 nm structures in the thinnest part of the lamella requires a high
skill level and even then may require several attempts before successful
capture of the nanostructures. Further, these structures are small en-
ough that even a 2 nm damage layer on each side becomes significant in
reducing resolution. The second option is to only partially thin away the
material, such as a protective carbon coating or a layer of electron beam
deposited FIB platinum, surrounding the nanostructure. While this en-
sures damage to the 3-D nanostructure is minimal, the presence of ex-
traneous material remaining in front of or behind the nanostructure
partially obscures the nanostructure during TEM imaging. This makes
atomic resolution imaging difficult due to the projection through mul-
tiple (typically amorphous) layers of material.

Another established method to analyze 3-D nanostructures such as
nanowires in cross section is to mechanically scrape the nanostructures
off of the sample and deposit them onto a TEM mesh grid [28]. This
method is effective especially for long nanowires where some physical
damage at the base of the nanowire is of no concern and site-specific
information is not required. Other methods follow the general idea of
physically removing the nanostructures from the substrate, often into a
solution, before spreading them onto a TEM grid [29,30,31]. However,
it is not possible to choose a specific nanostructure or site using these
methods and it is difficult to avoid some damage to the nanostructures
when mechanically removing them from the substrate.

Given the need for site-specific 3-D nanostructure analysis free of
obscuring material or damage, this work focuses on the development of
a wet-chemical etch process for FIB-processed TEM lamella that leaves
3-D nanostructures free of surrounding material and with ion beam
damage below the detection limits of TEM for improved TEM analysis.

2. Experimental details

The nanostructures used to demonstrate this wet-chemical etch
method were vertical nanopillars comprised of alternating Si/SiGe
layers. Pillars of varying diameter were fabricated on commercially
available 300 mm (100) Si wafers with alternating layers of 15 nm thick
Si and Si1-xGex layers, with x = 0.3. With four layers each of Si and
SiGe, the total Si/SiGe stack reached 120 nm in height. The pillars were
defined using e-beam lithography with the Nanoscale Pattern

Generation System (NPGS) program and a continuous Bosch deep re-
active ion etch, resulting in 120 nm tall pillars with diameters ranging
from 25 nm to 200 nm. Center to center distances in the pillar arrays
were triple that of each pillar diameter (i.e. 50 nm pillars were 150 nm
apart from neighboring pillars) to prevent overdeveloping the hydrogen
silsesquioxane (HSQ) resist during patterning. After pillar formation the
samples were coated with ~200 nm of SiO2 using plasma-enhanced
chemical vapor deposition (PECVD) on a Unaxis 790 PECVD instru-
ment. This oxide protected the pillars during TEM sample preparation
in the FIB and allowed for subsequent removal of all surrounding ma-
terial using a wet etch. Cross sections were prepared on a FEI Helios
Nanolab 600 dual beam FIB/scanning electron microscope (SEM)
system with Omniprobe™ capabilities. Samples were analyzed using
high resolution S/TEM on a FEI Titan™ G2 80–200 STEM. The benchtop
plasma cleaner used was a model GV10x plasma cleaner manufactured
by ibss Group Inc. and was operated at 35 W under a pressure of ap-
proximately 5 Torr using air.

3. Cross sectional tem specimen fabrication methods

A well-established in situ lift-out method for TEM sample prepara-
tion was employed [6,24] with several key modifications that made
subsequent wet-chemical etching of the cross sectional TEM lamella
possible. For in situ lift-out of cross sections for TEM, samples are first
protected from undesired ion implantation from the FIB by a deposited
protective layer of material such as carbon. The area of interest is then
additionally protected in the FIB with a platinum strap deposited first
with the electron beam and then the ion beam in conjunction with the
gas injection system (GIS) that provides a local platinum-based gas
cloud near the sample surface [32]. Trenches are then milled on either
side of the platinum strap using the ion beam to form a cross sectional
lamella from the bulk sample. The sample is then tilted and undercut,
either leaving the lamella lying in the trench or attached as a cantilever
on one side. Next, the lamella is welded to a micromanipulator with
platinum before being freed from the bulk sample via ion beam milling.
Once free, the lamella is then attached to a TEM grid by platinum de-
position before being released from the micromanipulator via ion beam
milling. Typically, large lamellae are attached to the top of the TEM
grid post (i.e. lamellae greater than approximately 50 µm long) to
provide stability whereas shorter lamellae (i.e. lamellae less than 20 µm
long) are able to be mounted as a “flag” on the side of the TEM grid
posts. After the lamella is welded to the TEM grid, samples are thinned
until electron transparent using a series of ion beam milling steps that
are typically done with decreasing ion beam voltages to reduce damage
and decreasing currents to increase accuracy of the milling area. During
these thinning steps, the dual beam nature of the FIB/SEM system be-
comes especially valuable, as the user is able to monitor the ion beam
milling in real time with electron beam imaging.

During final thinning, the accompanying ion beam damage is par-
tially mitigated through use of lower voltages as the lamella is nearing
completion. However, even the lowest ion beam voltages inevitably
create some amount of surface damage to the sides of the lamella. This
damage obscures the material of interest and prevents high-resolution
microscopy. Further, damage accumulation may be especially prevalent
in nanostructures [33]. The wet-chemical etch method described in this
work was developed to selectively remove the surrounding material
without damaging the nanostructures with the ion beam or mechanical
breakage during removal of surrounding material.

Fig. 1 illustrates the wet-etch method developed for nanostructure
characterization using the Si/SiGe pillars in Fig. 1A as an example
material with Si shown in red, SiGe shown in blue, SiO2 shown in
yellow, Pt shown in silver, and the TEM grid shown in dark gray. The
first step in the wet etch method after the nanostructures are ready for
analysis is the deposition of a sacrificial SiO2 layer as shown in Fig. 1B.
The SiO2 layer takes the place of the protective carbon coating often
used during in situ FIB lift-out methods and provides protection during
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the initial FIB platinum deposition as well as enabling the later removal
of all surrounding material from the cross section. For the 120 nm tall
Si/SiGe structures used to demonstrate the wet-etch method, a 200 nm
layer of SiO2 was sufficient to allow for the subsequent chemical
etching release without completely removing the sample topography
necessary for navigation on the sample during FIB processing. Although
some charging of the surface during SEM imaging occurred, the surface
charging did not prohibit the lift-out process and could likely be miti-
gated with an additional carbon layer on top of the SiO2 layer if ne-
cessary. The sample is then ready for cross section fabrication using the
FIB, beginning with the deposition of a protective Pt strap as shown in
Fig. 1C. For the Si/SiGe pillar array, it was useful to deposit the pro-
tective platinum and mill out the lamella at a slight angle, ~2–4°, with
respect to the pillar rows in order to ensure that a pillar was captured in
the lamella. The procedure for milling out a cross section as described
in the beginning of Section 3 is used, ending with transfer of the cross
section from the sample to the TEM grid. Details of the specific FIB
settings used for the fabrication of the lamellae in this work are given in
Table S1 in the Supplemental Information section. Fig. 1D illustrates the
necessary TEM grid modifications to ensure a strong lamella attachment
to the grid.

Previous attempts at wet etching of lift-out TEM lamellae were
dismissed as unsuitable due to the fragility of the lamellae. Therefore,
both proper mounting of lamellae and maintaining structural durability
of lamellae during thinning are critical for the successful wet-chemical
etching of post-FIB process TEM lamellae. Typical flag mounting of
lamellae, while efficient and effective for many material systems, will
not be robust enough to withstand a wet-chemical etching process. For
mounting a lamella that will undergo a wet etch, robust attachment to
the TEM grid is critical. To this end, a shelf is milled at the top of the
TEM post as shown in Fig. 1D before beginning the lift-out process. The

shelf must be long enough to accommodate the micromanipulator
during lamella placement. Recommended shelf dimensions are ap-
proximately 10 µm tall and roughly double the length of the lamella to
be mounted (i.e. a 10 µm long lamella would require a 20 µm long
shelf). For this wet-chemical etch method, Mo OmniprobeⓇ lift-out grids
seem to work better than Cu lift-out grids. While slightly more ex-
pensive, Mo grids offer more resistance to bending and damage during
handling which is of high value during the wet etch step. Second, be-
cause the lamella is being mounted close to the surface of the grid, it is
important that the grid not redeposit material onto the lamella during
final thinning. We observe very little redeposition when using Mo grids.
Finally, OmniprobeⓇ grids have a large “O” cut into the base of the grid,
enabling the threading of the grid for better handling during wet
etching. One downside of Mo grids is the slower milling rate for fab-
ricating the shelf. For our Mo grid, an ion beam setting of 30 kV and 50
nA was sufficient to mill through in a timely fashion while achieving
straight, flat surfaces on the grid. A lower 15 nA milling step was used
to smooth the bottom and side of the shelf where the lamella would be
mounted to avoid snagging of the lamella on the grid during installa-
tion. As the shelf has been ion beam milled at a 52° angle with respect
to the z axis (with the stage at a zero degree tilt), it is important to
mount the lamella on the “high” side of the shelf. That is, it is important
to attach the lamella to the corner that is topographically highest on the
grid.

Once the lamella has been navigated to the corner of the shelf,
platinum is deposited to the bottom and side of the lamella nearest the
grid shelf as shown in Fig. 1E. The final platinum thickness along the
lamella side attachment is roughly 1 µm. Two additional tabs of pla-
tinum, also roughly 1 µm in thickness, are deposited on the bottom
corners of the lamella, bracketing the area of interest.

Thinning of the lamella can also be minimized as the material

Fig. 1. A-H are cartoons that depict the key steps of the lamella fabrication process. Red represents Si, blue represents SiGe, yellow represents SiO2, silver represents
Pt, and dark gray represents the TEM grid. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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surrounding the nanostructure will be removed through the wet-che-
mical etch step, meaning that the thinning time for these lamella is
reduced compared to other high resolution TEM samples. This method
allows the user to avoid most of the time-consuming low kV cleaning
steps typically necessary to reduce the damaged amorphous layers on
the lamella sides. Leaving the lamella slightly thicker than typical
XTEM samples also ensures that the nanostructure of interest will not be
exposed to the ion beam during rough thinning of the lamella.

In order to help give the lamella the best chance of surviving a dip
etch, several precautions were taken during the ion beam-thinning steps
to maintain structural integrity of the mounted sample. First, the ends
of the lamella where the additional platinum tabs were deposited were
not thinned after mounting. Second, the total thinning of the sample
was limited to what was necessary to remove obstructive sample ma-
terial (i.e. other Si/SiGe pillars) in front of and behind the nanos-
tructures of interest. It was not necessary to thin away the deposited
oxide, as this would be later removed during the wet-chemical etch. For
the case study with pillar diameters ranging from 200 nm to 25 nm, the
final thickness of the lamella was approximately 300 nm. For other
samples this final lamella thickness will vary based on the dimensions
of the nanostructures of interest and the relative denseness of other
structures in the surrounding area.

For the case study samples, ion beam milling at 30 kV with de-
creasing currents provided the necessary milling resolution to arrive at
a ~400 nm thick lamella. Once the desired lamella thickness is reached,
the stage is tilted to zero to bring the ion beam 52˚ with respect to the
face of the lamella and two notches are milled through the protective
platinum strap and slightly into the underlying substrate as shown in
Fig. 1F. This provides easier release of the protective FIB Pt bar during
the wet-chemical etch step. The thicker ends of the lamella often are not
freed of the Pt bar as either the wet etch cannot access the middle of the
deposited oxide layer or the previous ion beam milling steps have
caused redeposition of milled material that blocks the oxide surface
from exposure to the wet etch. Fig. 2 illustrates the results of FIB milling
into the sides of the lamella for easier Pt bar release in the Si/SiGe
example material. The notches are milled slightly into the substrate to
ensure release during the wet-etch step.

Once the lamella is securely attached to the grid, thinned to a
thickness that ensures only one nanostructure is present for a given
thickness of the lamella, and notched as shown in Fig. 1F, the grid is
ready to be wet etched to remove the surrounding material. Melkonyan
et al. have had success in wet chemical etching atom probe tips con-
taining fins and pillars for reduction of artefacts during atom probe
evaporation, suggesting that removal of SiO2 from 3-D nanostructures
mounted using FIB techniques is a viable technique [34]. However, a
novel method for securely holding the TEM grid during the wet-che-
mical etch is needed. TEM grids are difficult to handle due to their small

size and somewhat delicate nature and would be particularly difficult to
hold onto with plastic tweezers during a dip etch without either
bending the grid or losing the grid into the solution, especially given the
personal protective equipment necessary during hydrofluoric (HF) acid
use.

To address this issue, polytetrafluoroethylene (PTFE) tape was used
to create an HF resistant string to hold the grid during the chemical dip
as shown in Fig. 1G. It is especially helpful for this wet etch method that
the Omniprobe™ TEM lift-out grids have a large "O" cut into the base of
each TEM grid. To secure the grid during the wet etch, Teflon tape
string was threaded through the "O" in the grid, creating a large loop
with which to securely hold the grid as shown in Fig. 1G. To remove the
~200 nm thick sacrificial SiO2 layer, grids were dipped into 49% HF for
30 s followed by a dip into deionized water. Grids were then allowed to
dry overnight before TEM analysis. Fig. 1H shows the final result of this
wet-etch method: 3-D nanostructures free of surrounding material and
ready to be analyzed using TEM. Plasma cleaning should be avoided if
at all possible after the wet etch of the grid as undesirable deposition of
Pt particles was observed on the region of interest after plasma
cleaning. This observation is discussed further in Section 4 of this work.

4. Results

The wet etch method described in this work allows for the capture
of 3-D nanostructures of varying size in one lamella without needing to
variably thin the lamella to each nanostructure thickness. Fig. 3 shows
Si/SiGe pillars with diameters down to 25 nm to demonstrate this wet-
chemical etch method, with Fig. 3A illustrating high-angle annular
dark-field (HAADF) STEM imaging of a lamella with a range of Si/SiGe
pillar diameters. Fig. 3A demonstrates the ability to capture a range of
nanostructure sizes in one cross section without needing to variably
thin the lamella to achieve electron transparency for different nanos-
tructure thicknesses. Fig. 3B demonstrates the ability to successfully
capture Si/SiGe pillars with diameters down to 25 nm. Fig. 3C provides
a high resolution HAADF STEM image of a Si/SiGe pillar sidewall free
of surrounding material and free of any damage observable via TEM
analysis. While the wet etch method requires an additional step before
and after FIB processing, the mounting and thinning of the lamella is
faster as the operator doesn't need to use time-consuming low voltage
ion beam cleaning steps because the outer layers of material will be
removed via the wet etch. This method has a strong advantage in that
site-specific imaging of 3-D nanostructures is made possible while
avoiding ion beam damage during lamella lift-out and thinning.

Fig. 4 compares the S/TEM results of several cross section methods,

Fig. 2. SEM image of lamella after the last 30 kV thinning steps. Two notches
are milled to help ease the release of the sacrificial SiO2 layer and Pt protective
bar. After this step, the ion beam voltage is decreased for final thinning of the
lamella if necessary.

Fig. 3. Cross-sectional HAADF STEM images of Si/SiGe pillars with Si is shown
in dark gray and SiGe shown in light gray. A) Low magnification image of a
lamella with a range of pillar diameters for analysis. B) 25 nm diameter Si/SiGe
pillar after the wet etch method. C) Sidewall of a 25 nm pillar showing atomic
resolution of the Si/SiGe layers.

E.M. Turner, et al. Ultramicroscopy 216 (2020) 113049

4



beginning with a TEM cross section sample made using conventional
FIB methods (Fig. 4A and 4D) where platinum was deposited directly
onto the sample for ion beam protection. Fig. 4B and 4E show a sample
where carbon was deposited to provide conduction and some protection
before platinum deposition. Fig. 4C and 4F provide a final cross section
fabrication comparison with a TEM cross section after removal of the
surrounding material using the new etch approach described in this
work. The final pillar shown after the wet etch is free of ion beam
damage detectable via S/TEM analysis and free of surrounding mate-
rial, allowing for clear atomic resolution TEM (Fig. 4C) and HAADF
STEM (Fig. 4F) imaging of the nanostructure. Fig. 4B and 4E demon-
strate that, while better than attempting to image through the platinum
grains shown in Fig. 4A and 4D, a carbon protective layer still did not
provide the atomic resolution of the structure available after the wet
etch method. Particularly, HAADF STEM imaging through carbon still
provided fairly good resolution of the layers. This may be partly due to
the way HAADF STEM information is collected. While high resolution
TEM detects electron interactions with the sample from the direct beam
and surrounding Bragg beams resulting in phase contrast and subse-
quently suffers from phase distortions due to the obscuring materials
(carbon or platinum in Fig. 4A and 4B) around the specimen, HAADF
STEM detects electrons scattered at high angles from the sample and
does not suffer from phase distortions. Elements with lower atomic
numbers will scatter fewer electrons at these high angles, meaning
carbon is less visible in the HAADF STEM image when compared to the
TEM micrograph of the same specimen. However, when comparing
Fig. 4E and 4F, we can see that the removal of the surrounding material
provides the highest micrograph clarity.

Finally, plasma cleaning of the XTEM samples after the wet etch for
TEM analysis resulted in the appearance of platinum particles on the
surface of the pillars. Fig. 5 shows the sidewall of a Si/SiGe pillar di-
rectly after the wet etch method (Fig. 5A) and after a five minute
plasma clean (Fig. 5B) in a benchtop plasma cleaner operated at 35 W at
a pressure of approximately 5 torr under air. Plasma cleaning is com-
monly used to remove hydrocarbons from TEM sample surfaces before
analysis to reduce the amount of carbon buildup during imaging.

Although plasma has been used to sputter platinum [35,36], plasma
cleaners use a low enough energy that sputtering of material during the
clean is typically not a concern. However, a dramatic increase in par-
ticulate after a plasma clean was observed and energy-dispersive
spectroscopy (EDS) mapping suggested that these particles were com-
posed of platinum. The particles may originate from sputtering (during
the plasma clean) of the platinum weld used to hold the lamella to the
TEM grid. It is possible that the HF wet etch attacked the organics in the
organometallic FIB platinum, leaving it susceptible to sputtering during
the plasma clean. For this wet etch method, it may be best to use al-
ternate methods of TEM sample cleaning, one possibility being a va-
cuum oven bake to remove hydrocarbons without sputtering the FIB
platinum weld onto the region of interest.

5. Conclusions

A novel approach to TEM sample preparation was discussed, de-
monstrating the effectiveness of removing surrounding material from 3-

Fig. 4. TEM (A-C) and HAADF STEM (D-F)
images of Si/SiGe pillars comparing the effects
of Pt, C, and no surrounding material on mi-
crograph quality. A) High resolution TEM mi-
crograph of the Si/SiGe pillar surrounded by Pt
as a result of XTEM lamella fabrication in the
FIB, B) surrounded by the common FIB pro-
tective material carbon, and C) free of all sur-
rounding material and free of TEM-detectable
ion beam damage using the wet etch method
outlined in this work. The bottom three mi-
crographs demonstrate STEM analysis of the
samples with D) Pt encapsulation, E) carbon
encapsulation, and F) using the wet etch
method.

Fig. 5. HAADF STEM images of a Si/SiGe pillar A) after the wet etch method
without plasma cleaning before STEM analysis. B) The Si/SiGe pillar after the
wet etch method and a 5 min plasma clean, now coated with platinum particles.
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D nanostructures for improved TEM resolution. It was shown that by
using a protective, sacrificial, encapsulating material and making small
alterations to the lift-out and mounting FIB procedures, routine wet-
chemical etching of TEM lamella is possible and provides a route to
removing material that obscures the cross sectional TEM view of 3-D
nanostructures while leaving the nanostructures free of FIB ion beam
damage detectable by TEM analysis during fabrication of the lamella.
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