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Abstract

Extensive efforts over the past number of years have been applied to develop workflows for sample
preparation of specimens for atom probe tomography at cryogenic temperatures. This is primarily due
to the difficulty involved in preparing site specific lift out samples at cryogenic temperatures without
the assistance of the gas injection system (GIS) as using it under cryogenic conditions leads to non-
uniform and difficult to control deposition. Building on the efforts of previously developed GIS free
workflows utilising redeposition techniques, this work provides an alternative approach using
SEMGIu™, which is an electron beam curing adhesive that remains usable at cryogenic temperatures,
to both lift out cryogenically frozen samples, and mount these samples to Si microarray posts for
subsequent redeposition welding. This approach is applicable for a full cryogenic workflow but is
particularly useful for non-fully cryogenic workflows such as beam sensitive samples, samples that mill
easily, and samples with challenging geometries. We demonstrate atom probe analysis of silicon
samples in both laser pulsing and voltage mode prepared using this workflow, with comparable
analytical performance to a pre-sharpened microtip coupon. An application-based example which
directly benefits from this approach, correlative Liquid Cell Transmission Electron Microscopy and
cryogenic Atom Probe Tomography sample preparation, is also shown.

Introduction

The emerging field of atom probe tomography (APT) in combination with cryogenic sample preparation
and cryogenic/inert gas/vacuum transfer has gained increased popularity in recent years due to atom
probes unique capability of providing three-dimensional compositional mappings of frozen nanoscale
volumes with high-spatial and high-compositional resolution[1-4]. This has proven particularly useful
for investigating a growing number of material systems including various battery materials [4, 5],
hydrogen embrittlement in steel and other metals [6, 7], as well as various frozen liquids and frozen
liquid-solid interfaces [8-11].

Site specific sample preparation for APT is typically carried out using Focused Ion Beam (FIB) lift out
and sharpening, with the use of a decomposed organometallic gas via a Gas Injection System (GIS)
acting as a conductive “glue” [12, 13] to both lift out and mount samples. Cryogenic sample preparation
for APT studies has additional challenges and remains an area in active development. At cryogenic
temperatures, the GIS will produce uncontrolled condensation of frozen precursor species, without
decomposition onto the substrate [ 13]. There is some possibility of control as detailed by Parmenters et
al. [14] but more typically this uncontrolled deposition will condensate over a mm? size area of the
surface of the cold sample, losing the site specificity of the process, while simultaneously depositing a
thick layer of organic and metal-organic species [15, 16]. This lack of site specificity makes it extremely
challenging to identify a site-specific region of interest (ROI) and upon lifting out easily attaching this
ROI to a Si microarray post at cryogenic temperatures. While significant progress has been made in



achieving a GIS free lift out procedure using selective redeposition of a conductive material [3, 17],
which has now been applied to a number of environmentally sensitive samples including free standing
frozen water [3], several problems still remain. The process is not as easily translatable to materials that
are beam sensitive, mill extremely easily with respect to the support structure, or those with unique
geometries that cannot achieve a defined undercut that can be filled with sputtered material. Alternative
GIS-free methods taking advantage of the fast-milling rates and high beam currents of Xe" plasma FIB
instruments have been demonstrated and avoid the lift out procedure entirely through annular milling
of trenches directly into a flat sample to leave a free-standing needle shape appropriate for AP analysis
[18]. This “satellite” method has been used to investigate various materials systems and has been shown
to be a viable site-specific sample preparation method at cryogenic temperatures [10]. However, this
methodology is only applicable to certain material systems most notably nanoporous systems, and has
proven challenging for free standing, thin and liquid based samples. This methodology is also only
viable with the use of a PFIB, as using a Ga' FIB will require long milling times at exceptionally high
currents, leading to large amounts of Ga" implantation [18].

Avoiding the use of the GIS, or indeed not having a GIS or micromanipulator within the FIB system is
not a new concept in FIB site specific lift out sample preparation and a number of solutions have been
developed over the past number of decades for a number of applications. Ex-situ Lift Outs (EXLO) for
preparation of STEM/TEM lamellae have been standard practice for many different material system
applications for a number of years [19, 20]. This method is performed outside the vacuum of the FIB
chamber, through the use of an optical microscope and relies upon adhesion forces between the prepared
lamella and typically a glass needle to lift the lamella out and place it on a conventional TEM grid or
onto a slotted grid carrier [19]. It has been found that at length scales <100 um adhesion forces are
dominated by Van der Waals and Capillary forces for conducting samples [21]. At these length scales,
the force of adhesion is greater than that of gravity, meaning lamellae can be easily manipulated.
Insulating samples are more difficult to manipulate using this method due to electrostatic forces causing
samples to either be repulsed by the glass needle or attracted to the bulk sample. This has been
combatted by using a metal tip or coating the glass needle with an appropriate metal [22]. EXLO is not
limited to specific instruments and has been applied using lamella prepared in both Ga FIBs and Xe
PFIBs [19, 23]. Further to this Cryo EXLO has also been demonstrated [24].

EXLO has been applied to a number of materials applications but has proven to be particularly useful
when applied to placing prepared lamellae on MEMs based chip devices for use in in-situ TEM
applications such as in-situ electrical biasing [19]. E-beam/FIB-beam induced deposition has been
shown to inadvertently allow conductive material to spread across these chip devices, ultimately
resulting in the development of stray leakage current pathways, hindering representative electrical
performance [25]. EXLO avoids this by placing the lamella directly on the contact/window/ROIL.
Adhesion using locally decomposed carbon from the chamber has been shown to be a viable method
for sticking down the lamella or alternatively purely through Van der Waals [26, 27]. Other innovative
methods allowing for the use of the GIS to lift out the sample and attach it to the ROI on the MEMs
chip using adhesive forces or Pt have also been developed [28, 29].

The use of carbon deposition via the e-beam as against via the GIS with FIB deposition has also found
use in many other applications, particularly with respect to mounting TEM lamellae [30, 31]. Using e-
beam deposited carbon has been shown to reduce beam damage next to the region of the weld section.
However, this still leaves a layer of adsorbed gas present on exposed areas. If this is then exposed to
any secondary electrons from either an electron or ion beam, this can lead to unintended deposition of
a thin layer of material [31]. E-beam deposited carbon can also be used to attach carbon nanotubes or
other extremely small samples to manipulators [32]. However, it is unlikely to be appropriate for lifting
out entire lamellae. It has been shown that it is also possible to deposit entire samples directly onto
conventional TEM grids and to directly thin these deposited samples to electron transparency. This
method avoids having to produce a lift out site-specific section, meaning the use of the GIS can also be



avoided. This is referred to as “On-grid thinning” and has received widespread use in biological fields,
particularly for producing lamella at cryogenic temperatures to perform cryo TEM and cryo-electron
tomography [33]. However, this methodology requires extensive specialised instrumentation that may
not be transferrable to material science applications.

Alternative approaches ex-situ have been developed for the preparation of samples for conducting APT.
Electrophoresis has been used to generate APT samples of nanoparticles [34]. For this a metal tip is
placed in a dispersion of nanoparticles, while a large negative voltage is applied. The nanoparticles are
attracted to the metal tip due to the generated electric field and preferentially attach to the apex of the
tip. It has been shown that this method will generate a sufficient bond between the tip and the particle
such that no additional sample preparation is required, including coating [34]. This is often only
applicable to really small samples, with larger samples often requiring some degree of coating to
withstand detachment while an electrostatic stress is applied during AP analysis [34]. Alternative
methods for larger particles include picking up and placing nanoparticles using an SEM and a
micromanipulator on a sharp tip, followed by PVD deposition to encapsulate the particle of interest and
eventually sharpening using a FIB [35, 36]. The concept of encapsulating samples in order to withstand
AP analysis and subsequently generate useful data has been extended to other sample preparation
workflows, both ex-situ and in-situ at room temperature, through the use of processes such as Atomic
Layer Deposition (ALD) and in-situ sputtering from a conductive material. This has allowed for various
nanoparticles [37], 2D materials [38] and battery materials [39] to be investigated using APT, which
was previously not possible/difficult.

Of course, the above examples are for specific applications and are adequate for the desired length
scales, samples, and conditions. Many of the above methodologies for FIB lift out and mounting would
not meet the required mechanical, thermal, and electrical requirements needed to withstand the large
applied electrostatic stress during APT data acquisition and acquire sufficient data quality for a site-
specific lift out sample [40], particularly a cryogenically frozen ROI. To that end, more robust (sticky)
methodologies were needed to meet these requirements. Several adhesive based solutions have been
demonstrated to achieve this. Adhesives are appropriate for nanoscale manipulators and have been used
for both ex-situ and in-situ applications [41, 42]. Key aspects for consideration when selecting an
appropriate adhesive include vacuum stability, curing time, conditions, and sample of interest. An early
example of the use of an adhesive to prepare superconducting oxide samples for “FIM-FEEM” was by
A.Melmed [43]. Crushed sharp fragments were picked up using a manipulator coated in a conductive
adhesive without further sample preparation. This work was adapted for modern APT sample
preparation by D. Larson et al. [44], which involved depositing thin film structures on Si wafer posts,
fabricating posts, fracturing these posts and manipulating them through the use of silver containing
epoxy on a metal manipulator with an optical microscope setup, similar to the EXLO described
previously. The picked-up sample is subsequently straightened and placed in a FIB for sharpening prior
to atom probe analysis.

Various adhesives have been used in the following years for both TEM and APT sample preparation
such as SemGlu™ and cyanoracrylates (superglue). SemGlu™ is a vacuum safe adhesive which cures
into a conductive solid under electron beam irradiation [30, 45, 46] and has been used as a glue for
room temperature atom probe sample preparation with success [47]. It does have a few caveats with
respect to evidence of increased thermal tail artefacts reported in short (under 3 pm) lift outs and this
was linked to the decreased thermal conductivity of the SemGlu'™ after curing [47]. Increased carbon
contamination has also been reported, especially if there is significant uncured SEM glue left on the
sample prior to analysis [47]. While SEMGIu™ isn’t necessarily inherently designed for use under
cryogenic conditions, typical “cryogenic” adhesives are often required to be cured under non cryogenic
conditions anyway [48]. However, low temperature and cryogenic adhesives do exist and have found
widespread use in aerospace, space, refrigeration, and freezer applications [49, 50]. The first use, to the
authors knowledge, of specifically a cryogenic adhesive for low temperature SEM was by Okada &



Chen [48]. However, no examples for APT/TEM sample preparation using cryogenic adhesives
currently exist.

It is common practice for samples to be mounted using a liquid adhesive at room temperature prior to
cooling to cryogenic temperatures [51, 52]. At cryogenic temperatures liquid adhesives will freeze but
will still act as an adhesive and maintain the orientation of the sample of interest. The use of liquid
adhesives under cryogenic conditions can of course lead to a number of issues, particularly with respect
to a reduction in viscosity with decreasing temperatures [48]. The exact temperature used within a
cryogenic FIB stage is limited by the refrigerant, with liquid nitrogen generally being the refrigerant of
choice, due to its convenience, cost, and availability. The selection of the base temperature for the
system is dependent on the material system being studied and so the stage and manipulator may not
need to be at the lowest temperature possible from the system. With the use of in-situ temperature
measurement and control via heaters, certain systems can be tailored to operate just below the freezing
point of the liquid adhesive, provided the system of interest remains in a frozen state.

The two main yield limiting stages for the full cryogenic lift out workflow for APT sample preparation
are the initial lift out process and mounting of the lift out bar onto a Si microarray post. The work
presented here provides alternative solutions to overcome these yield limiting steps using SEMGlu™
at liquid nitrogen temperatures. It has been demonstrated here that pre-coating pre-prepared Si posts
with SEMGIu™ using the micromanipulator at room temperature, cooling to liquid nitrogen
temperatures and performing both a lift out and mounting process produces reproducible success, as
even after the glue has frozen at cryogenic temperatures, it still provides local curing and adhesion. This
process flow was applied to both a model Si system, as well as for a specific application-based system
involving performing correlative Liquid Cell Transmission Electron Microscopy (LCTEM) and
Cryogenic APT. Both are detailed, outlining the key steps in achieving successful SEMGIu™ enabled
cryogenic APT sample preparation even for the (un)stickiest of situations.

Instrumentation and Materials

FIB with Cryo-Stage

All FIB/SEM work was completed using a Helios Hydra CX (5CX) plasma FIB from Thermo Fisher
Scientific (TFS) fitted with an Aquilos cryo-stage. A “Dual-puck” holder stage baseplate supplied by
Oxford Atomic was fitted to the cryo-stage allowing for two industry standard cryo pucks supplied by
CAMECA Inc. to be mounted directly to the stage, negating the need to vent the SEM chamber or the
need to transfer one cryogenic sample out in place of another cryogenic sample. The system is equipped
with an EasyLift tungsten cryo-micromanipulator. Both the stage and micromanipulator can be cooled
to approximately 90 K through the circulation of gaseous nitrogen passing through a heat exchanger
within a dewar of liquid nitrogen (LN2). The flow of gaseous nitrogen was maintained at 180 mg/s to
achieve the base temperature for the cryogenic work presented. The temperature of either the stage or
micromanipulator could be adjusted using a temperature control unit, Model 335 cryogenic temperature
controller supplied by LakeShore, in conjunction with heaters within the stage. Xe plasma was used
throughout the work presented. The FIB column was set at 52° to the electron column. The system is
also equipped with a Ferroloader docking station. This enables transfer between the SEM chamber and
an ultra-high vacuum cryo transfer module (VCTM), that may also be cooled to cryogenic temperatures
via a Dewar of LN2 [53].

Atom Probe

Atom probe analysis was completed using a CAMECA Local Electrode Atom Probe 5000 XR. This
system is equipped with a reflectron and a Ferroloader docking station, allowing samples to be directly
inserted into the load lock chamber without breaking vacuum. Cryogenic samples may be inserted to
the analysis chamber from the VCTM using a cooled “piggy-back” puck maintaining the temperature
of the sample. Samples were run using both laser pulsing and high-voltage (HV) pulsing. Data analysis



and reconstructions of 3D atom maps were completed using AP suite 6.2.1, a commercially available
software provided by CAMECA Inc.

Materials

SEM-compatible glue or SEMGIu™ used throughout this work was supplied by Kleindiek Nanotechnik
GmbH [45, 46]. A microarray post, commercially available from CAMECA Instruments Inc., was used
as both the substrate for the model Si system discussed and for the mounting of APT samples. These
microarrays are made of highly Sb-doped single-crystal silicon and act as a reference for the calibration
of CAMECA’s commercially available instruments due to the materials high level of conductivity and
mechanical stability [54].

The lift-out approach developed here was applied to correlating liquid cell in-situ electrochemistry TEM
or x-ray beamline experiments with cryogenic atom probe tomography to investigate dendrite growth
mechanisms, morphology, and compositions in lithium-based battery systems. For the purpose of this
work, the liquid cell chips were acquired commercially from DENSsolutions and create a “Nanobattey”
with a series of platinum working electrodes on a thin silicon nitride membrane within a silicon wafer
chip. For this work, the in-situ LCTEM electrochemistry experiment was conducted using a
commercially acquired lithium electrolyte, in this instance LiPFe in Propylene carbonate (PC), supplied
by Merck Life Science UK Ltd. By cycling the applied voltage, dendrites grew from the Pt electrodes.
After 3 cycles the experiment was stopped when large dendrites formed. The beam was then blanked
and the in-situ holder was left in the TEM for 30 min to ensure the dendrites did not dissolve over time.
The holder was transferred to an N> glove box and disassembled where the chip was frozen inside on a
cold block and then submerged into a liquid nitrogen bath. The chip was then transferred to the cryo
stage of the SEM/FIB using the Ferrovac VCTM set-up described in methods above.

Results and Discussion

Pre-preparation and Pre-coating

The entire basis of this lift out and mounting process requires both initial preparation and coating of the
Si microarray posts with glue. The process was initially conducted at room temperature due to the
viscosity of the SEMGIu™. A series of flat-topped Si posts are prepared to fit a sample that would be
undercut at 52° with respect to the lon beam, first described in [8]. The post is milled at a 0° stage tilt
with a 30kV 4nA Ion beam probe, while leaving a section of the post on the right-hand side to act as a
support. This is done to increase the area of contact between the post and the lifted-out sample. This
extra contact area was deemed necessary due to a large volume of samples being lost when being milled
free from the micromanipulator once in contact with the post while performing a GIS free lift out using
redeposition techniques. This low mounting yield could most likely be attributed to the reduced
resolution of a plasma FIB when performing redeposition [55]. An example of a precut post can be seen
in Figure 1.

(B)

FIB Sideview
view

Unprepped
post

Fig. 1: (A) An SEM micrograph of a precut of a precut Si microarray post at 0°, with left side of post untouched
to act as support. (B) Diagram with view of geometry of pre-cutting procedure.



The post is further prepared to accept the lift-out by coating it with SEMGIlu™. The micromanipulator
is inserted into the SEMGIu™ located on the clip holding the microarray post. By moving the
manipulator through the SEMGIlu™ a large amount will attach itself and can be subsequently “wiped”
onto the silicon posts allowing for a small amount of the glue to remain on the posts. This wiping
procedure is highlighted in Figure 2(A-F).

Fig. 2: SEM micrographs displaying (A)-(C) The micromanipulator being inserted and moving through a blob
of SEMGIu™ at room temperature to pick up some of the glue. (D)-(F) the wiping process where the
micromanipulator covered in SEMGIu™ is wiped across a precut Si microarray post until some of the glue
remains on the post.

The above process does unfortunately require pre-preparation at room temperature which can add
significant time to a cryogenic FIB session. Therefore, it was also investigated if this preparation could
also be completed entirely once the instrument has cooled to cryogenic temperatures. Initially the
viscosity of the SEMGlu™ at varying cooled temperatures was investigated. It was found that the glue
remained viscous until ~ 200K, meaning the glue was in a frozen state when operating at liquid nitrogen
temperatures. It was found the glue could still be cured and a change in contrast could be noted when
exposed to either electron or ion beams, meaning the glue can act as an adhesive even in its frozen form
at cryogenic temperatures. Following these initial tests, the stage and micromanipulator were cooled to
approximately 113K.

Inserting the micromanipulator into the SEMGIu™ is considerably more difficult at cryogenic
temperatures due to this lack of viscosity. With sufficient pressure from the micromanipulator it is
possible to fracture the top surface of the frozen glue. This process is easier to conduct using a pre-
spread thin film rather than a large frozen blob of the glue. Further inserting the micromanipulator into
the crack and moving the manipulator across the glue in a given direction it is possible to pick up some
of the frozen glue. An example of this process can be seen in Figure 3(A-B). Oftentimes this method is
not effective, meaning multiple attempts usually need to be made to try get some frozen glue to stay on
the manipulator. It should be noted that due to the frozen nature of the glue it often is not possible to
have a uniform layer of glue on the manipulator, making it difficult at times to make enough contact
between the lift-out and the manipulator to get sufficient adhesion. Milling the glue to get a more
uniform layer is of course possible but will result in the glue becoming cured, losing its adhesive
capabilities. This method has been found to be particularly useful when more than one sample needs to
be lifted-out in a given session. If the glue is picked up at room temperature and cured to lift something
out at cryogenic temperatures, the glue on the manipulator is no longer useful. Picking up more glue
while the FIB is cold allows more samples to be picked up easily.



Fig. 3: SEM micrographs displaying (A) Fractured top surface of frozen SEMGIu™ at cryogenic
temperatures. The micromanipulator has been placed in contact with pressure applied to fracture the surface
and was subsequently dragged through the glue. (B) Frozen glue on micromanipulator picked up at cryogenic
temperatures. (C)-(E) Wiping process at cryogenic temperatures and randomly orientated frozen glue wiped
onto post is evident in (E).

Wiping the glue from the micromanipulator onto a Si post is a much more difficult task. While possible
and shown here it is not recommended due to the random uniformity of a solid piece of glue attaching
to the silicon post from the manipulator. When trying to attach a lift out to this solid piece of glue it can
be difficult to fully cure the glue due to a lack of clear line of sight from either column. An example of
these difficulties is evident in Figure 3(C-E). Moving two solid surfaces against one another within the
FIB is also not recommended due to any potential damage that maybe occur to the Si post, or even the
micromanipulator itself. While tedious and time consuming the authors recommend as much pre-
preparation as possible at room temperature including covering the Si posts and the micromanipulator
in glue. However, it is still possible to do both at cryogenic temperatures.

Fig. 4: SEM micrographs displaying (A)-(B) Thin layer of glue wiped on ROI at room temperature, (C) wiped

glue cured using electron beam (10kV, 3.2nA), (D) glue milled at cryogenic temperatures to determine ability
to act as protective layer, (E) cross section of protective layer showing a thickness of =~ 700-800nm and (F) lift
out bar prepared at cryogenic temperatures, showing glue on top acting as protective layer.



While difficult to wipe glue at cryogenic temperatures, materials which remain frozen below the point
that the glue freezes (= 200K), can take advantage of its viscosity up to that point. One such advantage
is using the glue to form a protective layer in place of GIS injected Pt. Wiping viscous glue over the
region of interest and curing with the electron beam (10kV, 3.2nA) can produce a thin layer of material
that can act as protection during milling at both room temperature and cryogenic temperatures. It was
found that thin layers (= 1 pm) could be reproducibly created using this method. A thin protective layer
prepared at room temperature by wiping the manipulator across a region of interest, cured, and milled
into a lift out bar at cryogenic temperatures can be seen in Figure 4.

Cryogenic Lift-out and Mounting of Model Si Sample

To first test the viability of a cryogenic lift out involving SEMGIu™ and pre-prepared posts the entire
procedure was performed at room temperature. A bar of Si was successfully lifted out using the glue on
the micromanipulator and mounted to a Si post covered in glue. The sample required no additional
adhesion to be lifted out or mounted.

Operating on the basis of the process working at room temperature, the lift out procedure was
investigated at cryogenic temperatures. Following all pre-preparation at room temperature, the stage
and micromanipulator were cooled to approximately 113K. A lift out bar approximately
30 pm X 5 pm X 5 wm of Si was prepared on a Si microarray using typical milling patterns associated
with APT sample preparation [56]. Both the undercut and lift out were performed at a stage tilt of 0°
with respect to the electron beam. The pre-prepared frozen SEMGIu™ on the micromanipulator was
brought in contact with the lift out bar. Due to the nature of the angles involved in the lift out process
oftentimes the SEM beam could not access the exact point of contact between the glue and the lift out
bar, meaning in most cases the ion beam (30kV, 30pA) was used to cure the glue. A change in contrast
is evident when the glue has been cured. Often a good indication to determine if the micromanipulator
is sufficiently stuck to the lift out bar is to change the current of the ion beam while viewing the sample
using the electron beam. If the ion beam current is changed sufficiently the changing aperture will cause
the micromanipulator to shake. If the manipulator is not sufficiently attached to the lift out it will “Shake
it off” during this process. If this process is performed and the sample is not securely attached it can of
course lead to the potential loss of a sample due to shaking the sample against the post. From here this
will be referred to as the “Shake test”. Once determined to be attached a portion approximately 5 um in
length is milled free from the liftout bar and lifted out using the glue and manipulator. No movement or
change in orientation of the sample was noted during this process and can be seen in Figure 5(A-B).

The sample attached to manipulator is then brought into contact with the frozen SEMGIu™ on a pre-
prepared Si microarray post. The glue was again cured using the ion beam (30kV, 30pA) due to the
angles involved, with a notable change in contrast observed as seen in Figure 5(D-E). The shake test
was performed and the sample remained still indicating the sample was stuck to the post successfully.
A portion of the lift out was then milled free from the micromanipulator and remained attached to the
Si post without any further support, as in Figure 5(G).

To further test the viability of this cryogenic lift-out, the attached sample was prepared for atom probe
tomography, as described in [17]. To that end, a notch underneath the sample was milled, and filled with
tungsten from the micromanipulator using redeposition techniques. Once filled, using a series of annular
milling patterns at lower and lower ion beam currents a needle shaped sample was created. This process
can be seen in Figure 5(H-I). It was ensured as much SEMGIu™ as possible was removed from the
sample during the annular milling process, once the sample had been filled in with an appropriate metal,
in order to decrease the risk of thermal tail artefacts or increased carbon contamination, as described in
[47]. While in usual practice a cryogenic sample would be transferred directly to the atom probe using
a precooled VCTM, as described in [53], to maintain the sample in its frozen state. However for this
demonstration cryogenic transfer was avoided to show this process is suitable for room temperature
transfers also.



Fig. 5: SEM micrographs displaying (A) Lift out bar of Si prepared using ion beam at 52° at cryogenic
temperatures. (B) Section of lift out bar lifted out using frozen glue on micromanipulator. (C)-(E) Lifted out
section being brought in contact with frozen SEMGIu™ on precut preprepared Si microarray post. Note change
in contrast of SEMGIlu™ once cured between (D)-(E). (F) Micromanipulator cut free from lift out section. (G)
Lift out section remains attached to Si post solely with SEMGIlu™ . Position and orientation of lifted out section
remains consistent throughout process. (H) Sample filled in with W from micromanipulator as described in . (I)
Sample milled into needle shape appropriate for atom probe analysis.

The prepared sample initially underwent laser analysis (30 pJ, 140-200 kHz, 1 ion per 100 pulses on
average, 50 K base temperature). The collected data showed comparable quality in comparison to a pre-
sharpened microarray tip was analysed using the same conditions, as in Figure 6(A-B). Peak shapes and
detected species remained consistent across both samples, while the SEMGIu™ prepared sample
showed no indication of any carbon contamination due to the precaution of removing the glue during
the annular milling process. In combination with the redeposited W, this indicated that the sample also
did not present any visible “thermal tails” in the acquired data. This indicates that the sample was
sufficiently thermally conductive. The same sample subsequently underwent voltage-pulsing analysis
(20% pulse fraction, 200 kHz, 1 ion per 100 pulses on average, 50 K base temperature), reaching a
standing voltage of 6 kV. The voltage-pulsing acquired data again showed comparable quality to the
pre-sharpened microarray tip, as evident in Figure 6(C-D). The sample fractured at 6kV, potentially
indicating the sample was not mechanically stable enough to reach higher voltages. This may be due to
the geometry of this specific sample, with notches known to be stress concentrators. This could indicate
that samples that require high voltages to achieve field evaporation may not be appropriate for this
sample preparation workflow, but the sample thinning can be optimised to improve the upper threshold
of voltages.
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Fig. 6: (A) Mass spectra laser analysis of Si prepared using SEMGIu™ in red and of pre-sharpened microtip
(PSM) in black. (B) HV pulsing mass spectra of Si prepared using SEMGIu™ in red and of pre-sharpened
microtip (PSM) in black. Full dataset shown. Charge state ratio matching was not carried out.

Detection hit maps for both laser and voltage-pulsing analysis of both samples can also be seen in Figure
7. Again, the hit maps between both samples at both analysis modes look similar, with a distinct four-
fold symmetry visible in all the hit maps. This symmetry can be attributed to the lift out being prepared
from a [001]-oriented Si wafer. This symmetry is helpful for identifying the relative orientation of the
sample on the post, with the main pole of the SEMGIu™ prepared sample being relatively central on
the hit map. This indicates that the positioning and orientation of the lift out bar remained unchanged
throughout the lift out and mounting process. This demonstrates reproducible and consistent positioning
of the sample with respect to the post using this lift out and mounting method, which is especially
important for samples with specific geometry requirements such as thin planar surfaces.
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Fig. 7: Detector hit histogram from the analyses in laser pulsing mode of (A) SEMGIu™ prepared Si and (B)

Pre-sharpened microtip, and in HV pulsing mode for (C) SEMGIu™ prepared Si and (D) Pre-sharpened
microtip.
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Cryogenic liftout and mounting of application-based system — Correlative LCTEM and
Cryogenic APT

While it has been shown that cryogenic lift outs are possible through the use of various redeposition
techniques [3, 17], this has thus far only been demonstrated for samples where fixed geometries can be
milled and lifted out. These samples can be undercut at specific angles to ensure there is sufficient
contact between the Si post and sample to allow the redeposition to work effectively. Samples which
can not necessarily be undercut or have an irregular shape are more difficult to attach to Si posts and
using traditional redeposition methods oftentimes either fall off the Si post or move while being cut free
from the manipulator, moving the region of interest due to insufficient overlapping area between the
support structure and the sample.

A specific application that directly benefits from the development of a SEMGIu™ enabled cryogenic
workflow is correlative LCTEM and cryogenic APT. The design of the LCTEM chips is such that the
electrodes with grown electrochemical products are patterned on a thin silicon nitride membrane
window (50 nm). This means when milling free one of these regions to produce a sample for APT
analysis no undercut can be produced due to the thin layer of the membrane. This sample geometry,
matched with the size of a typical electrode makes it exceptionally difficult to attach a lifted-out section
to a Si post purely with redeposition techniques. Grown electrochemical products during the LCTEM
experiments are often highly beam sensitive, making redeposition potentially destructive for these
particular studies.

Fig. 8: Application based example of preparing samples for correlative LCTEM-Cryogenic APT using
SEMGIu™ enabled cryogenic liftout and mounting. SEM micrographs displaying (A) Identifying ROI (i.e.
frozen electrolyte-electrode interface). (B) Milling electrodes into shape to be lifted out. (C) Example of milled
free electrode. Frozen electrolyte on top evident. (D)-(E) Lifting out electrode using frozen SEMGIu™. (F)-
(G) Attaching frozen ROI to precut pre-prepared post using frozen SEMGIu™, note change in contrast evident
following curing. (H) Frozen electrolyte-electrode interface stuck to preprepared post without further support
and without losing orientation.
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For this application precutting and precoating of the Si posts was performed at room temperature prior
to cooling the instrument to 113K, while the SEMGIu™ on the micromanipulator was picked up at
cryogenic temperatures as described above. Once cooled, the frozen liquid cell containing frozen Li
electrolyte and grown electrochemical products was introduced to the cryo stage of the FIB from a
precooled VCTM. The electrolyte-electrode interface was identified using the electron beam and then
milled into sufficient shapes to both lift-out and maintain the interface using the ion beam (30kV, 1-
4nA) at a 52° stage tilt. This process can be seen in Figure 8(A-C). Note the empty space below the
milled free electrodes, indicating the unusual sample geometry and lack of potential undercut. The
micromanipulator with frozen SEMGlu"™ was brought into contact with the frozen electrolyte-electrode
interface and cured using the ion beam (30kV, 30pA). A shake test was performed, followed by cutting
the sample free and lifting it out. Note the maintained geometry of the sample in Figure 8(E). The frozen
interface on micromanipulator was then brought in contact with the prepared Si post covered in frozen
glue. The glue was again cured using the ion beam (30kV, 30pA) due to the angles involved. Note the
evident change in contrast seen once cured, Figure 8(F-G). Following a shake test, the sample was
milled free from the micromanipulator and remained stuck and in place attached to the Si post without
further support. The sample orientation and position also remained consistent throughout the entire
process. This sample preparation process was repeated numerous times for correlative LCTEM-
Cryogenic APT sample preparation, producing reproducible success.

Conclusions and Outlook

In conclusion, we have successfully demonstrated a GIS-free SEMGlu™ enabled methodology for atom
probe specimen lift out and mounting at cryogenic temperatures. This process has been demonstrated
for a model Si specimen where relative orientation and positioning, as well as thermal and mechanical
stability has been shown to be comparable with a Si reference material from pre-sharpened microtips.
The methodology was applied to an application-based system involving the preparation of samples for
correlative LCTEM electrochemistry and cryogenic APT. This methodology greatly benefitted this
application which was previously difficult to lift out and mount using pre-established methods due to
the unique geometry presented by the sample of interest as well as the beam sensitive nature of the
products within the sample. It is envisioned that there is a non-exhaustive list of specific applications
which would directly benefit from this methodology, such as various particle-based battery systems,
beam sensitive materials such as many biological samples, samples that mill easily such as various
frozen liquids, systems with unique geometries such as many in-situ Si wafer chips, various porous
systems, etc. While SEMGlu ™ was not inherently designed for applications involving cryogenic
temperatures, the curability of the glue at these temperatures, as shown here, opens up the field of using
adhesives for these types of cryogenic applications. Potentially there could be a similar adhesive with
better viscosity at liquid nitrogen temperatures that remains unknown to the community that could have
the potential to make glue enabled GIS free cryogenic lift outs and mountings a more reproducible and
accessible process.

Acknowledgements

N.M. and M.C. acknowledge funding from the EPSRC InFUSE grant EP/V038044/1. This work was
made possible by the EPSRC Cryo-Enabled Multi-microscopy for Nanoscale Analysis in the
Engineering and Physical Sciences EP/V007661/1. M.C. acknowledges funding from Royal Society
Tata University Research Fellowship (URF\R1\201318) and Royal Society Enhancement Award
RF\ERE\210200EM1.

12



Contributions

J.0.D. conceived the idea of using SEMglu"™ to prepare samples under cryogenic conditions with a flat
surface, N. M., J.O.D., M.C. conducted the SEM and FIB experiments, N.M., and M.C. did the in-situ
TEM experiments, N.M. and J.O.D. analysed the APT specimens and processed the data. All authors
discussed the results and contributed to the final version of the manuscript. J.O.D. and M.C. contributed
equally as senior last corresponding authors.

Corresponding authors

James Douglas, j.douglas@imperial.ac.uk

Michele Conroy, mconroy@imperial.ac.uk

Conflict of Interest

The authors declare that they have no known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

References

1. Gault, B., et al., Atom probe tomography. Nature Reviews Methods Primers, 2021. 1(1):
p.51.

2. De Geuser, F. and B. Gault, Metrology of small particles and solute clusters by atom
probe tomography. Acta Materialia, 2020. 188: p. 406-415.

3. Woods, E.V,, et al., A versatile and reproducible cryo-sample preparation methodology
for atom probe studies. Microscopy and Microanalysis, 2023. 29(6): p. 1992-2003.

4. Singh, M.P,, et al., Near-Atomic-Scale Evolution of the Surface Chemistry in Li [Ni, Mn,

Co] O2 Cathode for Li-lon Batteries Stored in Air. Advanced Energy and Sustainability
Research, 2023. 4(1): p. 2200121.

5. Li, T., A. Devaraj, and N. Kruse, Atomic-scale characterization of (electro-) catalysts and
battery materials by atom probe tomography. Cell Reports Physical Science, 2022.
3(12).

6. Chen, Y.-S., et al., Direct observation of individual hydrogen atoms at trapping sites in a
ferritic steel. Science, 2017. 355(6330): p. 1196-1199.

7. Zhao, H., et al., Hydrogen trapping and embrittlement in high-strength Al alloys. Nature,
2022.602(7897): p. 437-441.

8. Schreiber, D., et al., A method for site-specific and cryogenic specimen fabrication of
liquid/solid interfaces for atom probe tomography. Ultramicroscopy, 2018. 194: p. 89-99.

9. Schwarz, T., et al., Field evaporation and atom probe tomography of pure water tips.
Scientific reports, 2020. 10(1): p. 20271.

10. El-Zoka, A.A., et al., Enabling near-atomic-scale analysis of frozen water. Science
Advances, 2020. 6(49): p. eabd6324.

11. Kim, S.-H., et al., Phase separation and anomalous shape transformation in frozen
microscale eutectic indium-gallium upon remelting. Materialia, 2022. 26: p. 101595.

12. Larson, D., et al., Focused ion-beam milling for field-ion specimen preparation::
preliminary investigations. Ultramicroscopy, 1998. 75(3): p. 147-159.

13. Prosa, T.J. and D.J. Larson, Modern focused-ion-beam-based site-specific specimen
preparation for atom probe tomography. Microscopy and Microanalysis, 2017. 23(2): p.
194-209.

14. Parmenter, C.D. and Z.A. Nizamudeen, Cryo-FIB-lift-out: practically impossible to
practical reality. Journal of Microscopy, 2021. 281(2): p. 157-174.

13



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Parmenter, C., et al., Cryogenic FIB lift-out as a preparation method for damage-free soft
matter TEM imaging. Microscopy and Microanalysis, 2014. 20(S3): p. 1224-1225.

Perea, D.E., et al., An environmental transfer hub for multimodal atom probe
tomography. Advanced structural and chemical imaging, 2017. 3: p. 1-6.

Douglas, J.O., et al., In situ sputtering from the micromanipulator to enable cryogenic
preparation of specimens for atom probe tomography by focused-ion beam. Microscopy
and Microanalysis, 2023. 29(3): p. 1009-1017.

Halpin, J., et al., An in-situ approach for preparing atom probe tomography specimens
by xenon plasma-focussed ion beam. Ultramicroscopy, 2019. 202: p. 121-127.
Giannuzzi, L.A., et al., Theory and new applications of ex situ lift out. Microscopy and
Microanalysis, 2015. 21(4): p. 1034-1048.

Giannuzzi, L.A., Introduction to focused ion beams: instrumentation, theory, techniques
and practice. 2004: Springer Science & Business Media.

Zesch, W., M. Brunner, and A. Weber. Vacuum tool for handling microobjects with a
nanorobot. in Proceedings of International Conference on Robotics and Automation.
1997. IEEE.

Petrovic, D., et al. Gripping tools for handling and assembly of microcomponents. in
2002 23rd International Conference on Microelectronics. Proceedings (Cat. No.
02TH8595). 2002. IEEE.

Giannuzzi, L.A. and N.S. Smith, Ex situ lift out of PFIB prepared TEM specimens.
Microscopy and Microanalysis, 2014. 20(S3): p. 340-341.

Giannuzzi, L.A., et al., Cryo-EXLO manipulation of FIB specimens for cryo-TEM.
Microscopy and Microanalysis, 2023. 29(1): p. 145-154.

Recalde-Benitez, O., et al., Operando two-terminal devices inside a transmission
electron microscope. Communications Engineering, 2023. 2(1): p. 83.

Lee, H., etal., TEM sample preparation using micro-manipulator for in-situ MEMS
experiment. Applied Microscopy, 2021. 51(1): p. 8.

Harlow, W., H. Ghassemi, and M.L. Taheri, In-situ TEM study of the corrosion behavior of
Zry-4. Microscopy and Microanalysis, 2014. 20(S3): p. 1602-1603.

Recalde-Benitez, O., et al., Weld-free mounting of Lamellae for Electrical Biasing
Operando TEM. Ultramicroscopy, 2024: p. 113939.

Minenkov, A., et al., Advanced preparation of plan-view specimens on a MEMS chip for
in situ TEM heating experiments. MRS bulletin, 2022. 47(4): p. 359-370.

Rummel, A., et al., Achieving fast and reliable TEM-sample lift-out and transfer using
novel materials and novel in-situ tools. Practical Metallography, 2009. 46(5): p. 252-256.
Zhong, X.L., et al., Sample preparation methodologies for in situ liquid and gaseous cell
analytical transmission electron microscopy of electropolished specimens. Microscopy
and Microanalysis, 2016. 22(6): p. 1350-1359.

Nishijima, H., et al., Carbon-nanotube tips for scanning probe microscopy: Preparation
by a controlled process and observation of deoxyribonucleic acid. Applied Physics
Letters, 1999. 74(26): p. 4061-4063.

Wagner, F.R., et al., Preparing samples from whole cells using focused-ion-beam milling
for cryo-electron tomography. Nature protocols, 2020. 15(6): p. 2041-2070.

Felfer, P., et al., New approaches to nanoparticle sample fabrication for atom probe
tomography. Ultramicroscopy, 2015. 159: p. 413-419.

Josten, J.P. and P.J. Felfer, Atom probe analysis of nanoparticles through pick and coat
sample preparation. Microscopy and Microanalysis, 2022. 28(4): p. 1188-1197.
Vorlaufer, N., et al., Preparation of atom probe tips from (nano) particles in dispersion
using (di) electrophoresis and electroplating. Microscopy Research and Technique,
2024.87(3): p. 476-483.

14



37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Larson, D.J., et al., Encapsulation method for atom probe tomography analysis of
nanoparticles. Ultramicroscopy, 2015. 159: p. 420-426.

Kramer, M., et al., Facilitating Atom Probe Tomography of 2D MXene Films by In Situ
Sputtering. Microscopy and Microanalysis, 2024: p. 0zae035.

Singh, M.P,, et al., Facilitating the Systematic Nanoscale Study of Battery Materials by
Atom Probe Tomography through in-situ Metal Coating. Batteries & Supercaps, 2024.
7(2): p. €202300403.

Moy, C.K., et al., Macroscopic electrical field distribution and field-induced surface
stresses of needle-shaped field emitters. Ultramicroscopy, 2011. 111(6): p. 397-404.
Martin, P.G., et al., In-situ removal and characterisation of uranium-containing particles
from sediments surrounding the Fukushima Daiichi Nuclear Power Plant.
Spectrochimica Acta Part B: Atomic Spectroscopy, 2016. 117: p. 1-7.

Hang, F., H.S. Gupta, and A.H. Barber, Nanointerfacial strength between non-
collagenous protein and collagen fibrils in antler bone. Journal of The Royal Society
Interface, 2014. 11(92): p. 20130993.

Melmed, A., A method of FIM-FEEM specimen preparation of superconducting and other
oxides. Le Journal de Physique Colloques, 1988. 49(C6): p. C6-67-C6-71.

Larson, D., et al., Advances in atom probe specimen fabrication from planar multilayer
thin film structures. Microscopy and Microanalysis, 2001. 7(1): p. 24-31.

Kleindiek, S., A. Rummel, and K. Schock. E-beam hardening SEM glue for fixation of
small objects in the SEM. in EMC 2008 14th European Microscopy Congress 1-5
September 2008, Aachen, Germany: Volume 1: Instrumentation and Methods. 2008.
Springer.

Kleindiek Nanotechnik GmbH, SEMGlu Product Brochure, 9.04 (n.d.) 2. May 07, 2024];
Available from: http://www. kleindiek.com/fileadmin/public/brochures/semglu.pdf
Rout, S.S., et al., Adhesive-Based Atom Probe Sample Preparation. 2018, Oxford
University Press.

Okada, S. and C. Chen, A Novel Cryogenic Adhesive Retaining Fluidity at Dry-Ice
Temperature for Low-Temperature Scanning Electron Microscopy. Microscopy and
Microanalysis, 2022. 28(6): p. 2009-2019.

Roseland, L., Adhesives for cryogenic applications. Journal of Macromolecular Science,
Part B, 1967. 1(4): p. 639-650.

Niu, H., et al., Tough structural adhesives with ultra-resistance to both high and
cryogenic temperature. Polymers, 2023. 15(10): p. 2284.

Ruan, J.-L., et al., An improved cryosection method for polyethylene glycol hydrogels
used in tissue engineering. Tissue Engineering Part C: Methods, 2013. 19(10): p. 794-
801.

Hayles, M., et al., A technique for improved focused ion beam milling of cryo-prepared
life science specimens. Journal of microscopy, 2007. 226(3): p. 263-269.

Stephenson, L.T., et al., The Laplace project: an integrated suite for correlative atom
probe tomography and electron microscopy under cryogenic and UHV conditions. arXiv
preprint arXiv:1805.10836, 2018.

Prosa, T.J. and E. Oltman, Study of LEAP® 5000 Deadtime and Precision via Silicon Pre-
Sharpened-Microtip™ Standard Specimens. Microscopy and Microanalysis, 2022. 28(4):
p. 1019-1037.

Vitale, S.M. and J.D. Sugar, Using Xe plasma FIB for high-quality TEM sample
preparation. Microscopy and Microanalysis, 2022. 28(3): p. 646-658.

Thompson, K., et al., In situ site-specific specimen preparation for atom probe
tomography. Ultramicroscopy, 2007. 107(2-3): p. 131-139.

15


http://www/

