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Summary

The introduction of cryo-techniques to the focused ion-beam
scanning electron microscope (FIB-SEM) has brought new op-
portunities to study frozen, hydrated samples from the field
of Life Sciences. Cryo-techniques have long been employed
in electron microscopy. Thin electron transparent sections
are produced by cryo-ultramicrotomy for observation in a
cryo-transmission electron microscope (TEM). Cryo-TEM is
presently reaching the imaging of macromolecular struc-
tures. In parallel, cryo-fractured surfaces from bulk materials
have been investigated by cryo-SEM.

Both cryo-TEM and cryo-SEM have provided a wealth of infor-
mation, despite being 2D techniques. Cryo-TEM tomography
does provide 3D information, but the thickness of the volume
has a maximum of 200-300 nm, which limits the 3D infor-
mation within the context of specific structures. FIB-milling
enables imaging additional planes by creating cross-sections
(e.g. cross-sectioning or site-specific X-sectioning) perpendic-
ular to the cryo-fracture surface, thus adding a third imaging
dimension to the cryo-SEM. This paper discusses how to pro-
duce suitable cryo-FIB-SEM cross-section results from frozen,
hydrated Life Science samples with emphasis on ‘common
knowledge’ and reoccurring observations.

Introduction

Visualising structures of cells and tissue by the scanning elec-
tron microscope (SEM) has been a great help in understand-
ing many processes studied by Life Sciences (Schatten, 2012).
A common challenge in cell biology, botany and medical ap-
plications is the hydrated nature of the sample, which is in-
compatible with the vacuum conditions required for high-end
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SEM imaging. Two general solutions are available: (1) extract-
ing the water, optionally being replaced by a resin and (2)
cryo-fixate the hydrated sample and maintain the frozen con-
dition in the SEM (Schatten, 2012). Note that cryo-fixation is
also used in processes of extracting and/or replacing the wa-
ter phase (e.g. freeze drying, freeze substitution) to ultimately
obtain a sample that can be investigated by room temperature
electron microscopy. In the present paper, we focus on samples
that remain hydrated and are kept frozen during the investiga-
tion by cryo-focused ion beam-SEM (cryo-FIB-SEM). For many
decades, frozen samples were fractured at low temperatures in
a vacuum environment in order to create a fresh surface to
be imaged by cryo-SEM (Walther, 2003). Cryo-fracturing re-
quires some good fortune in fracturing across a particular fea-
ture, while interpretation can be hampered by surface rough-
ness and debris from the fracture. The introduction of the FIB
in this process enables one to produce cross-sections perpen-
dicular to the fracture surface. FIB cross-sections are free from
debris and roughness related to fracturing. Consequently, FIB-
milling and subsequent SEM imaging reveals highly detailed
structural information of the sample while maintaining cryo-
genic temperatures.

This paper encompasses the practical insight of how to
FIB-mill and SEM-image a cross-section of a frozen hydrated
Life Science sample with cryo-FIB-SEM. A sample of yeast
(Saccharomyces Cerevisiae) has been frequently used for prac-
tical purposes and to demonstrate the processes, techniques
and problems encountered. Executing a cryo-FIB-SEM exper-
iment involves a variety of instruments, techniques and some
experience. Certain choices to make are tightly linked to the
specific type of sample and the related scientific research. The
number of steps from start to finish is frequently perceived
as intimidating to noncryo-FIB-SEM specialists. However, all
the individual steps are actually rather straightforward and
easily deducible through simple reasoning. The techniques in
this paper are the basis of all cryo-FIB-SEM methods. While
the cryo-FIB-SEM community has ventured into new applica-
tions, as discussed elsewhere in this special issue (Kuba et al.,
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Fig. 1. Cryo-FIB-SEM setup: (A) The FIB-SEM as installed at Utrecht University. In the middle the microscope itself and to the right additional hardware
related to the cryo-transfer system. Most of the results shown in this paper are obtained with this setup. (B) Schematic representation of the position of the
sample with respect to the FIB and SEM. Both beams view the same location on the sample when the eucentric position is used. Working at the eucentric
position is beneficial, as the SEM can check the progress of ongoing FIB-milling actions.

2020; Parmenter, 2020; De Winter et al., 2020), we felt that
a ‘proper introduction’ into the subject is required, both as a
reference to experienced users as well as inspiration to, and
support for, newcomers in the field.

Instrumentation

FIB-SEM’s are made by a number of manufacturers: Thermo
Fisher Scientific (formerly FEI), Portland, Oregon, USA, Hi-
tachi, Jeol, Tescan and Zeiss. Cryo-equipment used with most
of the FIB-SEMs is usually from another manufacturer and has
to be tailored to the design and specific properties of the FIB-
SEM chamber layout, as well as satisfy the research objective.
Present cryo-transfer system manufacturers have reduced in
number over the last few years, with Quorum (Quorum Tech-
nologies Ltd., Laughton, East Sussex, UK) and Leica (Leica Mi-
crosystems, Vienna, Austria) remaining. The authors realise
that there are still various combinations of FIB-SEMs with
cryo-transfer systems from past and present manufacturers in
the field. We like to stress that all principles are generic and
should be transferable to former or more recent models of in-
strumentation, although some details may be geared towards
specific instrumental characteristics. The work presented in
this paper is largely obtained from a FEI Nova Nanolab 600
Dual beam in combination with a Quorum PP2000T cryo-
transfer system (Fig. 1A).

Cryo-FIB-SEM

The FIB-SEM instrument is a full integration of two columns, a
liquid-metal-ion source (gallium ions) column for FIB-milling
and a highly spatially resolving SEM with a Field Emission Gun
(FEG) electron column for imaging. All cryo-FIB-SEM opera-
tions occur at low pressures (10~> mbar-10~7 mbar) to en-
sure free pathways for both the ion and electron beams.

The FIB consists of a beam of accelerated gallium ions
which is focused on the surface of the sample. The momentum
transfer of the gallium ions to the sample causes sputtering
of the sample’s native atoms, thus providing a mechanism
to produce cross-sections (Volkert & Minor, 2007). The ratio
between the incoming ions and the sputtered atoms is called
the sputter yield and is a measure for the speed of the milling
process (Mulders et al.,, 2007). Ice mills particularly fast
(Marko et al., 2005; Fu et al., 2008). Hence, the dimensions
of cross-sections in frozen, hydrated samples can easily be
some hundred microns wide and a few tens of microns deep.
The SEM provides an accelerated, focused electron beam that
scans across the surface of the sample (Reimer, 1998). The
primary electrons from the beam are elastically scattered at
impact by the nuclei of the sample’s atoms. As a result, some
primary electrons escape from below the surface, becoming
backscattered electrons (BSE). BSE carry information about
the atomic weight, density and crystallographic orientation
of the target volume. From the same target location come
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Fig. 2. Cryo-transfer hardware: (A) The cryo-stage with inlet/outlet tubes for the cold Nitrogen gas and electrical connections for the temperature read-out
and heating element. (B) The Quorum PP2000T prep chamber with freeze fracturing, sublimation, sputter coating facilities and enabling a cold, vacuum
transfer into the FIB-SEM chamber. (C) The transfer rod is used to interface between the freezing unit (external), the prep chamber and the Microscope
chamber. (D) The cryo-holder/sledge comes in a variety of types for different applications and can contain one or more samples. Customizing these parts
is easy and may be necessary to suit the experiment.

inelastically scattered secondary electrons (SE). SEs are de-
fined by their energy which per convention ranges from >0
eV to 50 eV. SE’s can only escape from the sample into the
vacuum when generated very close to the surface. Hence
SE’s are very susceptible to surface roughness. Other gen-
erated signal types are X-rays, cathodoluminescence and
Auger electrons, but these are not relevant to the present
discussion.

Mechanical and electronic alignments ensure a specific
working distance with respect to the electron column where
the ion and electron beam coincide. It is also very advanta-
geous to work a eucentric-tilt position, which is usually at the
same position (Fig. 1B). This allows use of the SEM to moni-
tor the milling action of the FIB. Operation of FIB-milling is
discussed later (see ‘FIB-milling’ section).

The cryo-transfer system

Commercially available cryo-transfer systems consist of a
number of components. Some of these components are com-
mon in purpose while others define the approach to the cool-
ing method and transfer utilised by the manufacturer.

Inside the vacuum chamber. At the heart of the cryo-transfer-
system is the cryo-stage and anti-contaminator. The cryo-
stage is normally fitted on top of the standard FIB-SEM stage
(after removing the stub holder). The anti-contaminator is
usually mounted around the pole piece of the electron col-
umn, shielding the sample from the warm surface of the elec-
tron column. The anti-contaminator is sometimes called the
‘cold-trap’, which should be at a lower temperature than the
sample in order to ‘trap’ contaminants from reaching the sam-
ple. Stage movements can still be made through the normal
stage movement operations provided by the FIB-SEM manu-
facturer (Fig. 2A). Only the rotation is limited due to the elec-
trical connections and tubing or metal braids attached to the
cryo-stage, except when using a cryo-rotation stage (Hayles
et al., 2010; Rigort et al., 2010a). The top part of the cryo-
stage is actively cooled and accommodates the sample holder.
The similarities between different manufactures ends here, as
the cooling methods used are different.

Gas flow. N, gas is cooled by an external heat exchanger
which is submerged in a liquid nitrogen (LN,) filled dewar.
Tubes carrying the cooled gas from the heat exchanger run
directly through the anti-contaminator and the cryo-stage,
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delivering the cold temperatures needed. The cryo-stage has a
heater that can regulate the low temperature to that required.
Quorum Technologies developed long-duration constant-gas-
flow cooling.

Conduction. A large metal block, which acts as a heat sink,
is cooled down by a dewar filled with LN, mounted outside
the microscope chamber. Metal braids (often copper) connect
the block to the cryo-stage and anti-contaminator. Leica Mi-
crosystems uses conduction to cool the cryo-stage.

The advantage of cooling the cryo-stage with N, gas in com-
bination with a heater is that it delivers fast and accurate con-
trol of the temperature. Braids are inherently slower in re-
sponding to (deliberate) temperature changes. Although both
gas flow and conduction are susceptible to vibrations, both
methods have been proven to function vibration-free.

A generic requirement for cryo-transfer systems is the
ability to maintain a constant temperature throughout the
day. Temperature changes will cause stage drift due to con-
traction/expansion of the metal components of the stage. A
ball-park figure for the required stability is less than 1 °C per
3 h. Fast and accurate control over the temperatures allows
for sublimation strategies (see ‘Sublimation strategy’ section).
The sublimation cycle uses a heating element in the cryo-stage
to heat up the sample to for example —90 °C without changing
the flow of N, gas. Once the required sublimation is finished,
the heating element is switched off and the temperature
quickly falls back to the original temperature based on the N,
gas flow. Braid-based systems may be less suitable for in situ
sublimation due to the relatively slow recovery of the temper-
ature. Sublimation can be performed ex situ, although moni-
toring the process live with the SEM is then no longer possible.
It is also advantageous to be able to control the temperature
of the anti-contaminator independently from the cryo-stage.
In general, it is advised to maintain a temperature for the
anti-contaminator that is 20 °C lower than the specimen
temperature.

Outside the vacuum chamber.  Attached to the FIB-SEM vac-
uum chamber is a transfer module, allowing for transferring
a previously frozen sample into the vacuum chamber. The
transfer module ensures maintaining a low temperature and
protects the sample from air/moisture (Fig. 2B). All commer-
cially available cryo-transfer systems use some sort of sample-
holder transfer mechanism (Fig. 2C).

Hydrated samples have to be frozen before entering the
vacuum chamber. Various freezing techniques are available,
which are discussed in ‘Sample preparation procedures’ sec-
tion. The sample is kept submerged in LN, once frozen and
placed, if not already, onto the sample holder (sledge) (Fig.
2D). Attaching the sample holder to the transfer rod is usu-
ally done in a special unit that allows for pumping down of
the transfer device. Subsequently, the sample holder is trans-
ferred to the cryo-FIB-SEM under vacuum conditions. In many

cases, it is required to create a fresh freeze-fracture surface
and to apply a sputter coating to ensure electrical conduc-
tion of the sample surface. Again, a clear distinction can be
found in solutions offered by different manufacturers. Present
and past makers of gas-flow cryo-transfer systems offer a cryo-
preparation chamber connected to the transfer module that
is attached to the microscope chamber. The cryo-preparation
chamber carries facilities for sputter coating, freeze fracturing,
manual manipulation of the sample and sublimation cycles.
As such, the cryo-preparation chamber is part of the transfer
route for the sample into the microscope chamber. Manufac-
turers of conduction-based cryo-transfer system chose to of-
fer a separate unit (‘off-column’) for the same processes. The
shuttle device for transferring the sample into the microscope
chamber can be used to interface the separate bench-mounted
preparation units.

Finally, an ideal transfer moves from warm to cold. With the
cryo-stage set to a certain temperature (e.g. —160 °C), ideally
the incoming sample from the cryo-preparation stage should
be controlled around the same temperature. If the sample is
too cold, it may act as a cold-trap and accumulate ice on the
sample surface from water vapour left in the vacuum chamber.
If the sample is too warm, it will slowly sublime the sample sur-
face of water (ice). Colder and warmer samples alike can offset
the temperature of the cryo-stage, initially requiring the cryo-
stage to settle again at a constant temperature. Resettling of a
large temperature difference can cause temporary stage drift.

Tips for setting up instrumentation before a cryo-session

Many FIB-SEM microscopes are used both for room temper-
ature and cryogenic work. Consequently, cryo-equipment is
routinely mounted and dismounted. Whether or not a FIB-
SEM is utilised as a dedicated cryo-microscope depends on the
lab and their fields of application. In this paper, we assume that
a cryo-stage is installed regularly.

Before starting a cryo-session, some, if not all of these fol-
lowing items may need attention, depending on the equip-
ment being used.

Stage calibration. ~ Most FIB-SEM systems have a computer-
controlled motorised stage. It is advantageous to run a stage
calibration procedure preferably prior to the installation of the
cryo-stage. Recalibration brings back the stage to its original
position, which facilitates a reproducible relocation of previ-
ousruns of the cryo-stage. In addition, the procedure may pre-
vent stage tracking errors.

Crucible temperature. It is advantageous to set the tempera-
ture of the crucible to the correct temperature in case in situ
gas-assisted deposition will be used (see ‘Sample protection’
section). Installing the stage and setting the crucible temper-
ature is best done one day prior to the experiment. Some cru-
cibles automatically warm up when the software is launched.
Heating is usually fast, but cooling down can take several

© 2020 The Authors. Journal of Microscopy published by John Wiley & Sons Ltd on behalf of Royal Microscopical Society, 281, 138-156



142 M.F. HAYLES AND D.A.M. DE WINTER

hours. The standard operational temperature of the crucible
for Pt deposition is 47 °C, whereas an operational temperature
of 28 °Cisrequired for Pt deposition under cryo-conditions. If
the FIB-SEM is mainly used for cryo-experiments, the temper-
ature of 28 °C can be set as default in the control software.

Stiffness of nitrogen tubing.  For gas flow systems, the tubes
that carry N, gas to and from the cryo-stage will become very
stiff upon cooling. Once cold, the tubes can push or pull on
the cryo-stage when the operator attempts to move the cryo-
stage over some lateral distances or during tilting or rotating
of the stage. Therefore, it is advantageous to swing the tubes
around within the microscope chamber, distributing the force
over a greater length of tube, which reduces the torque on the
stage. The specific track of the tubes depends on the specific
geometry of the interior of the FIB-SEM. Care must be taken
that the tubes do not become trapped behind any protruding
component within the vacuum chamber.

Pump down time. Once the installation of the cryo-
hardware components is finished, we advise to leave the
system pumping for at least 6—8 h (typically overnight) in or-
der to pump out as much water vapour as possible. Long-term
pumping will avoid a significant portion of unwanted ice
contamination from water trapped on surfaces that have been
previously exposed to atmosphere during the first session (see
‘Contamination from the atmosphere’ section). The micro-
scope chamber should not be opened again after assembly
of the cryo-stage and anti-contaminator, until the end of
the cryo-session. It is advised not to open the chamber while
the stage or anti-contaminator is cold, as large amounts of
water vapour will rapidly condense onto the cold surfaces.
The subsequent pumping down time will be very long, due to
slow sublimation of the mass of condensed ice.

Water-free N, gas supply.  Preferably, the N, gas supply
should come from a pressurised Dewar or from an ‘in-house’
N, gas supply (typically from the wall). Whichever supply is
chosen, the N, gas must be free of water and be supplied at
a constant pressure for at least one working day. Any signifi-
cant change in this pressure can cause stage drift related to the
temperature change. Temperature drift will result in poor FIB-
milling performance, seen as sample drift and therefore hin-
dering the outcome of the experiment. Water is usually found
in ‘in-house’ N, gas supply systems due to condensation and
freezing in the pipe work, but an excessive water content can
be reduced by using a commercial LN, water trap. Standard
high-pressure (HP) cylinders of N, gas were used abundantly
at one time for cryo-SEM, but have proved to be a constant
source of contamination from water in the gas and are not ad-
vised for use in cryo-FIB-SEM work. Ultra-high-pressure (UHP)
dry N, cylinders with 1 ppmv of water are a great improve-
ment and are now used by many cryo-laboratories.

Water condensed and frozen in the cryo-system tubes has to
be blown out by switching on the gas flow at primary working

pressure for at least 10 min, before the system can be cooled
down by lowering the heat exchanger into the LN, dewar. Fail-
ure to do this may result in a blockage in the tubes due to water
freezing during operations and will need the operation to stop
to dry out the tubes.

Temperature of the sample.  The temperature read-out from
the stage becomes less accurate when the construction of the
stage + sample holder becomes more complex, that is consist-
ing of multiple components which are either soldered, screwed
or clamped against each other. In our experience a poor con-
tact between two copper plates could easily create 10 °C loss,
even though copper conducts the temperature very well. This
is particularly important to consider when designing experi-
mental stages, sample holders or carriers.

Closing a session.  The cold surfaces of the cryo-stage and
the anti-contaminator will accumulate large amounts of frost
during the day. Once a session is finished and the equipment
is warmed up, all the water vapour is released into the vac-
uum within a short time. As a result, safety interlocks of
the microscope system may ‘detect’ a leakage and stop the
turbo-pump, or even vent the microscope chamber. Hence it
is advised not to leave the system unattended before the tem-
peratures are above —60 °C (on both the cryo-stage and the
anti-contaminator), so pressure bursts are no longer expected.
More recent FIB-SEM systems have largely eliminated this
problem and can be left to warm-up with automatic control.

When a system must be vented after a cryo-session, it is ad-
vised to wait for the stage and cold-trap to have reached am-
bient temperatures or moisture will rapidly condense onto the
cold surfaces, creating difficulties later for pumping down the
chamber.

Sample preparation procedures

There is no such thing as a ‘typical Life Sciences sample’.
The diversity and the corresponding scientific questions are
enormous. When sorting the samples according to their
dimensions, macromolecular complexes (viruses, proteins),
membranes (individual organelles, whole cells), and even
entire pieces of veins, organs and bones may be choices.
Sources vary as well, and may be human or animal sam-
ples, bacteria, viruses, cultured cells or botanical samples.
Depending exactly on what ‘Life Sciences sample’ is studied
in relation to what scientific question, a specific preparation
strategy needs to be applied. Choosing the correct freezing
strategy is essential to prevent artefacts invalidating the
results. The preparation may involve the use of chemical
additives. Although a purist may want to refrain from any
additives at all, it may not be feasible due to the sample nature.
Freezing of water in general, and hydrated material like tissue
in particular, is not trivial and was even long deemed to be
impossible (Dubochet et al., 1988; Dubochet, 2007). The
science of freezing hydrated matter is still an active and very

© 2020 The Authors. Journal of Microscopy published by John Wiley & Sons Ltd on behalf of Royal Microscopical Society, 281, 138-156



AN INTRODUCTION TO CRYO-FIB-SEM CROSS-SECTIONING OF FROZEN, HYDRATED LIFE SCIENCE SAMPLES 143

relevant discipline. In Life Sciences, we can restrict ourselves
to a minimum of need-to-know procedures. In other words,
choosing a pragmatic approach neglects artefacts which
cannot be seen by the selected imaging method. Although
such negligence is common practice, including in the work of
the authors, we would like to draw some attention to the fun-
damentals of freezing, to make sure that it is not completely
overlooked. Table 1 provides an overview of sample types that
have been researched by different authors along with sample
support, freezing method and cryo-application.

Cryo-fixation

Water is a peculiar substance, exhibiting the most anoma-
lous behaviour of all known liquids (Gallo et al., 2016). The
mechanisms of freezing water are still being debated (in par-
ticular homogeneous nucleation from supercooled water) and
different routes of freezing (cooling rate, confining pressures,
subsequent heating cycles) result in a variety of distinguish-
able phases. Considering water within a biological context
(water inside and outside cells) complicates matters consid-
erably. Water is sometimes called the ‘matrix of life’ and is
described by controversial and poorly clarifying terminology
such as ‘bound’, ‘free’, ‘slow’ and ‘bulk-like’ water (Dubochet,
2007; Szent-Gyorgyi, 1979; Ball, 2008; Ball, 2017). The dis-
cussion on forms of water revolves around the effect of the
high concentrations of hydrophobic and hydrophilic struc-
tures present in the cells, as well as the effect of ions and their
corresponding hydration shells. On average, the number of
water molecules between macromolecular complexes is about
four, although water in the liquid phase is supposedly already
disordered at length scales exceeding two water molecules
(Dubochet, 2007). Recent experimental results indicate that
the majority of intracellular water behaves equivalently as
‘bulk’, while the fraction that behaves differently (‘slow’) is
mainly bound to proteins, and to a lesser extent to ions and
biomolecules (Tros et al., 2017). In such work, the experimen-
tal distinction between ‘bulk’ and ‘slow’ is defined through
the responses found by time-resolved vibrational spectroscopy
and dielectric-relaxation spectroscopy.

The process of freezing cells is clear and is explained in
great detail by Nobel Prize winner Jacques Dubochet (Dubo-
chet, 2007). Casual freezing in a refrigerator allows for wa-
ter molecules to form hexagonal ice crystals. Ice crystal for-
mation causes phase segregation of insoluble molecules and
creates water stress and osmotic pressure across membranes.
Stress and pressure could ultimately result in ripping of the
membranes which is in most cases is an unacceptable result,
as it does not preserve the native state. Prevention of ice crys-
tal formation requires ultra-fast freezing, typically with an es-
timated cooling rate of 10° °Cs™ or even much faster (Dubo-
chet et al., 1988; Dubochet, 2009). When water is frozen that
quickly, water molecules are not able to organise themselves
into a crystalline order and instantaneously standstill, includ-

ing rotations. The so-called vitreous state (see ‘Vitreous state’
section) is obtained. Maintaining the sample at a tempera-
ture below —137 °C will preserve the vitreous state. Raising
the temperature above —137 °C will induce a change into a
cubic phase (Marko et al., 2005; Dubochet et al., 1988). It is
thought that such induced phase change is not too harmful
to the sample, as the change from vitreous to cubic requires
only marginal displacements of the water molecules (mainly
some rotations) (Dubochet, 2009). Increasing the tempera-
ture above —115 °C to —105 °C will induce another phase
change into hexagonal ice (Dubochet et al., 1988). Both phase
changes are irreversible, meaning that a cubic or hexagonal
phase will not return to vitreous status upon cooling.

Vitreous state

When water is frozen sufficiently fast, it reaches a non-
crystalline, solidified state. A variety of terms are being
used to describe such a state. The noncrystalline, solidi-
fied state is most often referred to as ‘vitreous water’ or
‘vitreous ice’ in the electron microscopy community. The
same form of water is called amorphous solid water (ASW)
in (astro)physics. At least three different phases of ASW
exist: high-density amorphous (HDA) water, low-density
amorphous (LDA) water and very low-density amorphous
(VLDA) water. Considerations for drawing a phase diagram
for ASW is still a very active research topic (Limmer &
Chandler, 2014; Martelli et al., 2017). The vitreous state
is often considered to be equal to an amorphous state (e.g.
‘amorphous solid water’. In the Life Sciences electron mi-
croscopy community, amorphous and vitreous states are
interchangeable terminologies. In the physics community,
these states are often distinguished from each other, based
on one or multiple variations of the oxygen and hydrogen
bonds (Bartels-Rausch et al., 2012). Whether Life Science
samples are frozen into a vitreous state, ASW or a similar
form of ice/glass is not definitively known until the freezing
is checked by TEM diffraction. The absence of any diffrac-
tion spots indicates that a sample is frozen well (noncrys-
talline). Crystalline ice could be a cubic form, which ap-
pears as certain rings in the diffractogram or a hexagonal
form which appears as lattice spots. Without drawing a fi-
nal conclusion in the discussion over terminology, we will
continue using ‘vitreous statue’, with the assumption that
it leaves all the biological content intact, including macro-
molecular complexes. The question of whether or not ‘vit-
reous ice’ is a solid or liquid phase is beyond the scope of
this paper.

Freezing Life Science samples

The challenge of freezing hydrated Life Science samples into
the vitreous state is limited by the thermal coefficient of
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(A)

)

(D)

Fig. 3. Commercially available carriers: (A) 10 mm aluminium block with fracture recesses for LN, only. (B) Rivets for plunge freezing/fracture in suitable
cryogen. (C) Planchets used the same as rivets. (D) Grids are usually associated with cryo-TEM but can be used for cross-sections if sample concentration
is higher than regular TEM suspension. (E) Microstub and sapphire disc for HPF where thin layers are useful. (F), (G) Gold membrane carriers (1.5 mm
diameter, 100 or 200 pum thick), two for a mid-volume fracture, one + sapphire disc for surface fracture. Bases for (E) to (G) are custom made from 10 mm

half-height aluminium stubs. (All drawings not to scale.)

water itself (Gan & Jensen, 2012). As a result, the sample
type and size determine the available options for preparing
the samples. The vitreous state may or may not be required.
Detailed molecular examination may not be the goal. In that
case, a FIB cross-sectional overview obtained after plunging
the sample into LN, slush and subsequent freeze-fracturing
may be sufficient (see ‘LN, slush’ section). It is known that
small details of the water phase may influence disruption in
the molecular structure, potentially resulting in unreliable or
false conclusions. However, most cellular or bacterial disper-
sions, including those in rivets or planchets, will lend them-
selves to plunge freezing and fracturing when using liquid
ethane, propane or an ethane/propane mixture (see ‘Ethane
and propane’ section). When dispersed onto a TEM grid, the
volume to freeze is actually very small (a few micrometres
thick). Hence, vitrification of isolated molecular structures
can be obtained by plunge freezing TEM grids in these cryo-
gens (Tivol et al., 2008). The sample usually cannot be frac-
tured when dispersed on a TEM grid, due to its physical nature,
but otherwise can be FIB-milled to produce cross-sections. Dif-
ferent sample carriers are required for the three main freezing

methods employed in cryo-FIB-SEM as discussed below. The
most commonly used methods are depicted in (Fig. 3).

Chemical additives.  Two types of chemical additives can be
used when freezing hydrated Life Science samples: a ‘filler’ and
a ‘cryo-protectant’. The ideal chemical additive is one that acts
as (McDonald, 2007; Mobius et al., 2010; Mielanczyk et al.,
2014). A filler, such as yeast paste, is used to fill up air pock-
ets in the volume being frozen, since voids of air cause imper-
fect and inhomogeneous freezing. A cryo-protectant binds to
water molecules, preventing ice crystallisation (Meister et al.,
2014). Examples of extra-cellular fillers/cryo-protectants,
which are not known to enter cells or act osmotically, are dex-
tran and hexadecane. Cells with high water content (e.g. brain
tissue) may require additional intra-cellular cryo-protectants
such as sucrose (Zuber et al., 2005). Hexadecane is preferred
for cryo-ultramicrotomy of vitreous sections, but any of the
common fillers are adequate for sample pretrimming in the
cryo-ultramicrotome. However, as fillers/cryo-protectants are
nonconductive, their addition has been known to worsen elec-
trical charging during FIB-milling.
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Plunge freezing in LN, slush.  The biological question to be
answered primarily governs the method to be used for freezing.
The need to prevent preparation artefacts that can actually af-
fect the outcome of an experiment is a pragmatic decision. For
example, demands on the freezing protocol are much higher
when endeavouring to measure membrane receptor confor-
mations rather than simply locations on a membrane. Simi-
larly, determining invaginations versus counting vacuoles in
cells. Cryo-protectants are therefore widely used to prevent
some freezing artefacts when freezing bulk samples in LN,.
Rather than using liquid LN,, it is advised to use LN, slush (see
‘LN, slush’ section) for this purpose. Samples are loaded into
a metal carrier stub, rivet or planchet for fracturing and FIB-
milling of cross-sections. Sample material close to the metal
may actually be frozen into a vitreous status, whereas further
into the sample crystallinity will occur.

LN, slush

LN, slush is colder than liquid LN,. The melting tempera-
ture of N, is—210 °C whereas LN, is—196 °C. In addition,
LN, slush prevents the so-called Leidenfrost effect (the for-
mation of a thin gaseous layer between the warm surface
and the LN;), which strongly reduces thermal conduction
(Umrath, 1974; Baker et al., 2013). LN, slush is formed by
creating a vacuum above the LN, for a number of minutes,
depending on the volume of LN,. Pumping can be stopped
when the LN, solidifies; the pressure change immediately
allows the N5 to become slush.

Plunge freezing in liquid ethane/propane.  Ethane and propane
have lower freezing temperatures than LN, and there-
fore provide an opportunity to freeze a sample to vitreous
state by plunge freezing. This is a more demanding tech-
nique but can be beneficial to the freezing of the sample. The
ethane/propane will be held in a small container surrounded
by a bath of LN, (see ‘Ethane and propane’ section). Although
this method has been practiced widely with basic laboratory
setups in the past, these days there are several commercial
instruments available that will do the job safely and effectively.
Sample carriers suitable for ethane/propane plunge freezing
are usually rivets or planchets for fracture (see Figs. 3A—C).
TEM grids (Fig. 3D), for cross-sectioning, can also be used if
the concentration of the suspension can be increased while
the total volume is kept to a minimum. The sample in general
has to be smaller in volume or thinner than that for LN,
plunge freezing if any degree of vitrification is to take place.
Both the LN, and ethane/propane plunge-freezing methods
can benefit from using clean, low-water-content LN, during
LN, freezing and ethane/propane-to-LN, transfer. Therefore,
it is important at each stage to use filtered LN, to prevent
excessive ice contamination from absorbed water (ice) de-
positing on the sample. Clean LN, is obtained through use of

Whatman filter papers (Whatman Co., Fairfield, CT, USA), to
filter LN, immediately before use. Allowing N, gas to build
up over the cryogen in the plunging chamber protects the
cryogen surface from absorbing water from the surrounding
atmosphere. The gas layer should be pumped away under vac-
uum before withdrawing the sample into the transfer module.

Ethane and propane

The cryogens ethane and propane can be used separately
or as a mixture. In practice ethane is probably used more
than propane. Reasons for this can simply be safety, since
liquid propane is more volatile (flashpoint —104 °C) than
liquid ethane (=130 °C). Either can be ignited if their
vapour mixes with the air above the liquid, and there-
fore they need to be kept isolated in a container immersed
in a LN, bath. The LN, offers protection from air by the
N, gas generated from the boiling LN, covering the top
of the ethane/propane-filled container. Ethane freezes wa-
ter faster than LN, has no Leidenfrost effect and prevents
forming cubic ice by having a greater heat capacity (melt-
ing point —188 °C compared to LN, at—196 °C (Ryan et al.,
1987).

High-pressure freezing.  Cultured cells on a grid, and espe-
cially in pellets, are often too thick for vitrification in liquid
ethane. Samples taken directly from tissue present a full spec-
trum with strongly varying properties, for example bone, skin,
muscle, brain etc. These compact volumes cannot be simply
plunge frozen and an advanced freezing technology is needed.
High-pressure freezing (HPF) is preferred. HPF systems used
by the authors are Leica EM Pact and EM Pact2 (Leica Mi-
crosystems, Vienna, Austria). Frequently in combination with
HPF, chemical additives are used to prevent ice crystal for-
mation upon freezing. Sample carriers are specific to high-
pressure freezing. Frequently utilised carriers which are ideal
for cryo-fracture and cross-sectioning techniques consist of
micropin stubs with sapphire discs and membrane carriers
(see Figs. 3E-G).

High-pressure freezing

Ultra-fast freezing of discs of water with a thickness larger
than 15 pm is made unlikely due to the poor thermal
conductivity of water itself (Gan & Jensen, 2012). How-
ever, thermodynamics dictate that when increasing the
ambient (confining) pressure, the melting temperature
should decrease. With a confining pressure of 2000 bar,
the melting temperature can be decreased to —40 °C. As
a result, the jump towards —137 °C (devitrification tem-
perature) is reduced and consequently thicknesses up to
~250 pm can be vitrified (Moor, 1987; Gan & Jensen,
2012). The sample is hit by a jet of nitrogen gas at LN,
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temperatures while exposed to the high pressure. Samples
have to be mounted carefully into an HPF carrier, such as
a tube or planchet. Proper closing of the carrier is crucial.
Improper closing will result in the sample being blown out
of its carrier. In addition, a sample should not contain any
air pockets which could collapse under high pressures. One
solution is the use of fillers that will fill up all voids in a sam-
ple (see ‘Chemical additives’ section).

Cryo-transfer

Handling and transferring a sample are a delicate exercise
when considering the temperature restrictions and the forth-
coming risks of contamination. It is advantageous to reduce
the number of transfers as much as possible. In addition, man-
ual handling of TEM grids and alike with tweezers under LN,
is challenging. Therefore, specific sample holders are either
manufactured along with cryo-instrumentation or custom de-
signed to carry different grids, rods, rivets and other sam-
ple carriers, often home-made for specific applications. Sam-
ple holders submerged in LN, must have easy access from
above. Therefore, most holders are generally clamping mech-
anisms, orchestrated by screws or levers. The rivet sample car-
rier (see Fig. 3B) fits this type of holder and is widely used for
cryo-fracturing and is also ideal for cryo-FIB-SEM work. The
rivet sample carrier is usually plunge frozen either in LN, slush
or liquid ethane/propane and can accept a variety of samples
such as cryo-protected tissue samples, cell cultures and botan-
ical sample material.

Manufacturers provide a solution for transferring a sample
loaded onto a sledge-type sample holder into the microscope
chamber. We assume that the protocols that come with the in-
strument will ensure a contaminant-free transfer of material
into the cryo-FIB-SEM chamber, using the shuttle mechanism.
Still, it is important to discuss the potential sources of con-
tamination and to be able to recognise different types of con-
taminations (see ‘Contamination’ section). The sample type,
mounting and scientific question will determine the follow-up,
once the sample is secured in the preparation chamber. Gen-
eral choices to consider are cryo-fracture (see ‘Cryo-fracture’
section), sputter coating (see ‘Sputter coating’ section) or di-
rect transfer into the cryo-FIB-SEM chamber. Before the sam-
ple is transferred into the cryo-FIB-SEM chamber, it is advised
to adjust the temperature of the sample to the temperature of
the stage in the microscope chamber (see ‘Outside the vacuum
chamber’ section).

Cryo-fracture

After transferring the frozen hydrated sample to the prepa-
ration chamber fracturing of the sample may be carried
out. This is important to provide a surface to work from
for creating a useful cross-section for other milling needs.

Some samples may not need or lend themselves to fracture,
such as thin dispersions, hard bone or enamel, so the na-
tive surface will have to suffice. Fracturing the sample will
create a clean surface and provide an, informative map of
what features may be FIB-milled. This is a good start to tar-
geting features of interest, whereas the native surface may
obscure regions of interest, or worse, be contaminated with
ice. Fracturing the sample is often associated with plunge
freezing in LN, for cryo-SEM applications. However, con-
taminated HPF samples that cannot be sublimed may lend
themselves to fracture as well, providing a better or surface
for cryo-FIB-SEM investigation. Fracture technique is ei-
ther ‘open’ or ‘closed’. Plunge frozen samples can be ‘open’
(e.g. an aluminium stub or a single rivet), revealing the na-
tive material surface or ‘closed’ between rivets or planchets
(see Figs. 3A—C). All HPF samples are closed by means of
microstubs, sapphire discs or membrane carriers (see Figs.
3E-G). Tools used for fracture vary by manufacturer, but
a sharp blade with a through-swing action generally pro-
duces the best result. The temperature of the sample at
the time of fracture is vital to preserve the structure in-
tact, without distortion. An excessive (—145 °C to —150
°C) can cause an elastic fracture such that components are
pulled upon until they snap, leaving a high physical re-
lief (see Fig. 4A). A fracture temperature of —155 °C to —
160 °C can form a regular relief structure (see Fig. 4B)
and between —160 °C and —170 °C a ‘glassy’, brittle frac-
ture will occur (see Fig. 4C), leaving little difference in topo-
graphical form on the resulting surface. These criteria may
need some practice, as it is very sample dependent.

Small droplets of a cell suspension can be frozen inside
rivets (Fig. 5). It can be advantageous to roughen the flat
ends of the rivets to improve the ice grip during fracture.
This can be done using fine-grained sandpaper. The tube
end of the lower rivet is first dipped into TissueTek® to pre-
vent the sample liquid from running through the rivet. A
small droplet of the cell suspension is pipetted onto the flat
end of the rivet once it is placed in the holder. The tube
end of the top rivet is also dipped in TissueTek® and is gen-
tly placed onto the lower rivet flat. Once the second rivet
is in place, the entire construction can be plunged into
LN, slush. The entire construction is loaded into a shut-
tle and transferred into the preparation chamber. A cryo-
tool (cooled down to LN, temperatures) is used to quickly
knock the upper rivet away, creating a fresh cryo-fractured
surface.

Contamination

At different stages of making a cryo-FIB-SEM cross-section
from a fracture, ice contamination can occur. Usually it is pos-
sible to recognise the type of ice contamination and therefore
rectify the fault position in the procedure. The most prominent
forms of ice contamination are listed here.
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%

Fig. 4. Cryo-fracture: This frozen yeast culture demonstrates how temperature affects fracture. (A) Elastic fracture due to too high temperature (—150
°C, showing fracture has moved over and around cells and not through. (B) Normal fracture for SEM, some though cells and others showing fractured P2
and P3 membranes. (C) Glassy fracture, straight through most cells. Not ideal for SEM but perfect for cryo-FIB-SEM cross-sectioning. Scale bar: 5 pm.

Contamination from LN>. LN, contains an amount of ice sample could have been sputter coated with metal. The con-

produced by absorbed water from the atmosphere at the sur-
face. This type of contamination can be recognised by the
presence of hexagonal crystals or ice balls within the mass
of the contaminating ice, ranging from tens to hundreds of
nanometres in diameter (Figs. 6A, B). Unfortunately, the wa-
ter saturation of LN, can dramatically increase if precautions
are not adhered to during sample preparation or transfer. To
prevent the buildup of ice, all LN, used in preparation and
transfer should be filtered as mentioned above and poured into
clean and dry dewars that are capped (but not closed air tight).
When refreshing LN, in the equipment, filtering yet again
from the working dewars is recommended. Storage of cryo-
samples placed in and taken out of storage dewars on a fre-
quent basis will give rise to contaminated LN, . Just replenish-
ment without filtering of LN, into these containers gives rise
tothe LN, ice contamination. This type of contamination is re-
stricted to the original surface prior to milling and may not be
realised until viewed in the cryo-FIB-SEM, by which time the

Preparation

11

Sotnel

Freezing

tamination is usually large and irregular (Figs. 6A, B). Sub-
limation for nonvitreous samples may be an option, but this
type of contamination is robust in nature and therefore could
easily be underestimated. It would take significant time to mill
away and may inadvertently affect the true surface in the pro-
cess or decimating any metal coating present. The option of
returning the sample to the cryo-preparation station for frac-
turing a vitreous or nonvitreous sample is preferred by the au-
thors. This method of recovery is quick and safe. In the case
of a vitrified sample with a specific site of interest that could
be lost in fracture, gentle ion milling would be the only option
instead of replacing the sample.

On a practical note, forceps should be hand-warmed and
dry before entering them into LN>, in particular when reusing
forceps that have been previously immersed in LN,. Having
multiple forceps available to use consecutively could come in
handy when speed is important. As a rule of thumb, the por-
tion of the forceps initially immersed in LN, will have cooled

Fracturing

cryo-FIB-SEM

148
(A) (B) ©) (D) (E) (F)
Fig. 5. Creating a cryo-fracture surface with two rivets. (A) The flat surfaces of both rivets are roughened with sandpaper to increase the contact surface
between the rivets and the sample. (B) The rivet-ends are closed with TissueTek™ to prevent leakage. A droplet of sample is placed on the lower rivet. (C)
The second rivet is carefully placed on top. (D) The ensemble is frozen by lowering it vertically into LN, slush or liquid ethane/propane. (E) A precooled
knife knocks off the top rivet when in the transfer station, creating a fracture surface. (F) The fracture surface is sputter coated with a metal to prevent
electrical charging. It is now ready for transfer into the cryo-FIB-SEM.
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Fig. 6. Contamination types: (A), (B) Examples of LN, born ice crystals deposited on the surface. (C), (D) Ice crystals condensed on the surface from air
exposure. (E), (F) Temperature differential contamination “orange peel” caused by a warm surface in the close vicinity of the sample. (G) Debris from the
fracture process. (H) Redeposition from the ion beam milling process. The redeposition is recognisable from the sides of the cross-section which become
increasingly ‘bulging’ in front of the cross-section during prolonged milling. Scale bars: (A) 50 um, (B) 10 um, (C) 5 pm, (D) 50 pm, (E) 2 um, (F) 2 pm,
(G) 100 pm and (H) 20 pm.

down sufficiently when the bubbling of the LN, has stopped.
Otherwise, heat from the forceps can be transferred to the sam-
ple and induce a phase transformation.

Contamination from the atmosphere.  Ice can build up very
quickly on the surface of the frozen sample if the sample
is exposed to the atmosphere. Water from the atmosphere
condenses onto the surface and immediately freezes produc-
ing a granular (‘cauliflower’) pattern over the entire surface
(Figs. 6C, D). This type of ice can contaminate samples during
any transfer that accidently is exposed to atmosphere, most
notably during transfer into and out of the cryo-preparation
chamber. Contamination is particularly undesirable on vitri-
fied samples that are not to be fractured or sublimated. The ice
contamination can create curtaining during milling. Nonvit-
rified samples that suffer from this contamination can be sub-
limed or cryo-fractured prior to sputter coating to remove the
ice.

Temperature differential contamination.  The sample must not
come into close proximity to a warm body (e.g. the electron
pole piece) while the sample is in the vacuum chamber. Wa-
ter absorbed onto a warm surface is likely to be released onto
any colder surface, including the sample surface. With regards
to TEM samples, this is sometimes referred to as ‘orange-peel’.
In the cryo-FIB-SEM it will start with very small ice growth
sites and may escalate to an ice labyrinth covering all surfaces

(Figs. 6E, F). This can be prevented in two ways: (1) keep the
sample clear of warm surfaces or shield the warm surfaces
with anti-contaminator plates and (2) make sure that the anti-
contaminator is at least 20 °C cooler than the sample temper-
ature (see ‘Outside the vacuum chamber’ section).

Fracture and FIB-milling contamination. ~ The fracture process
is a severe attack on the sample. Pieces of the sample break
and shatter away from the point of impact. Unfortunately,
some of the debris may remain on the newly produced surface
(Fig. 6G). The debris may become part of the surface, or
worse, become statically charged and remain attracted to
the new cross-section one has just made. Immediately after
fracture, releasing the sample holder and giving it a tap on the
cryo-preparation table will usually remove any loose debris.
The contamination is usually seen as angular pieces of ice
of varying size. If charged, they appear brighter than the
surrounding area.

Redepositing of FIB-milled material (Fig. 6H) can be a prob-
lem for making cross-sections if some conditions are not ideal
at the time of milling. The most common issue is the use of an
excessive FIB current or the production of high-aspect-ratio
trenches. In a few circumstances, the sample itself can be
the problem. For example, fat particles are generally difficult
to mill and may cause an irregular milling pattern leading
to redeposited material by deflecting ions... The rapid release
of large amounts of material under these circumstances is
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Fig. 7. Sublimation: Tobacco leaf structure. (A) After FIB-milling showing low contrast, (B) after sublimation, removing minimal water to give contrast.
(C) Yeast cell after sublimation displaying Mitosis. Scale bars: (A) and (B) 30 um and (C) 1 pm.

collected by the surrounding cold sides of the cross-section
trench. Redeposition can very quickly build up on the sides of
the trench not presently being milled, closing the trench and
reducing visibility of the milled surface area.

Nano-ice contamination. ~ Over a timespan of many hours,
residual water vapour left in the microscope chamber forms
an amorphous layer of a few nanometre on top of the sam-
ple. This becomes particularly noticeable when conducting
long runs of electron backscatter diffraction (EBSD) (Weikusat
et al., 2011) or performing TEM prep (Schaffer et al., 2017).
Locally this can be irradiated away for a short time with a gen-
tle ion beam, but it can become particularly repetitive as the
session progresses if no anti-contamination device (ACD) is in
operation.

Reducing the residual water vapour in the microscope re-
quires either long pumping times (days), without opening the
chamber or by using an ACD attached to the chamber. The
latter will extract residual water found in the chamber and
in a shorter time (overnight). An ACD is most effective in
use during long cryo-sessions. In case devitrification is not
an issue and with an ACD in place one could raise the stage
temperature to approximately —120 °C in an attempt to sub-
lime the contaminating ice (see ‘Sublimation’ section). With-
out an ACD in operation, the water released from the sample
would normally remain in the vacuum chamber and even-
tually condense back to the cryo-components, including the
sample (Weikusat et al., 2011; Schaffer et al., 2017).If no ACD
is present, all sublimation cycles should be performed in the
cryo-preparation chamber so that sublimed water vapour does
not enter the FIB-SEM microscope chamber.

Sublimation strategy

Ice exposed to vacuum will undergo a phase change from so-
lidified directly to gas; a phase change called sublimation. The
rate of sublimation is determined by the temperature of the ice
and the pressure. Sufficiently low temperatures (lower than —

120 °C) in a typical SEM vacuum chamber prevent the sam-
ple from subliming at a rate that is noticeable during a day’s
work (see ‘Sublimation’ section). Sublimation can be used to
one’s advantage. Sublimation (i.e. freeze drying) removes the
water from in between cells exposed to the chamber vacuum.
Cells can be opened either due to freeze fracturing or FIB-
milling. In either case, also water being exposed to the cham-
ber vacuum from within open cells is removed by sublimation.
Cellular components become visible as structures on the sur-
face (Walther, 2003). FIB-milled cross-sections benefit from
sublimation in particular, as the cross-sections are generally
very smooth and hence show very little contrast, except from
charging (‘SEM contrast from sublimation’ section). Sublima-
tion can be done in the microscope (in situ) (see Figs. 7A, B) or
outside the microscope (ex situ) (see Fig. 7C). The main chal-
lenge is to prevent overdoing the sublimation, since drawing
out too much water leaves the membrane structures vulnera-
ble to damage by either the FIB or SEM beams. Sublimation can
be performed in the cryo-FIB-SEM chamber only if the cold-
trap is regulated at a 20 °C difference lower than the sample’s
lowest temperature. In addition, an on-chamber cryo-pump is
useful to keep the chamber free of any water vapour created
by sublimation. The advantage of ex situ sublimation is that
it helps reduce the level of water vapour otherwise accumu-
lating in the microscope chamber. The timing for sublimation
varies sample, so monitoring the sublimation process within
the cryo-FIB-SEM is a key advantage of in situ sublimation.

Sublimation

Control of the sublimation process is limited. First the tem-
perature of the cryo-stage is increased to a value between —
100 °C (very slow sublimation) and —85 °C (very rapid sub-
limation). While the heating element of the stage is warm-
ing up, the bulk of the stage is heating up at a slower rate.
Furthermore, the sample will heat up at an even slower
rate. As a result, the temperature at the surface of the
sample (and any FIB-milled cross-sections) will reach the
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sublimation conditions only after a couple of minutes. De-
pending on the pressure-temperature conditions, a subli-
mation time of 30 s to 2 min is generally sufficient. How-
ever, cooling down the sample and the stage also takes time.
Hence, sublimating a predetermined thickness away (e.g.
25 nm) is practically impossible. It requires experience of
the operator with the equipment and the sample type to
obtain the desired results. Nevertheless, sublimation is a
well-known technique that is often successfully applied to
obtain new insights into frozen-hydrated samples.

Sputter coating.  Most hydrated samples are poor electrical
conductors, which can be troublesome for cryo-FIB-SEM op-
erations. The electrical conductivity can be improved by sput-
ter coating a thin metal layer (~5-10 nm, typically Pt, Pt/Pd
or Au/Pd) across the entire sample. Since a layer is formed
across the entire surface, any major sublimation cycle has to
be carried out prior to sputter coating. If sublimation has to be
performed on a contaminated metal-coated sample, extra care
should be taken not to remove water molecules from below the
metal layer.

Safe transfer into the microscope chamber.  The temperature of
the sample in the preparation chamber after fracture, sublima-
tion and sputter coating, is adjusted to that of the cryo-stage in
the microscope chamber once the sample is ready for cryo-FIB-
SEM investigations. The rule of thumb is to movie a sample
from warm to cold, preventing ice contamination on the sam-
ple on arrival in the cryo-stage. A crucial safety aspect when
transferring samples into the microscope chamber is to close
the valves to the electron beam and the ion beam (done auto-
matically in most recent systems). In case of a mishap, a sud-
den gust of air may be let into the microscope chamber. Since
such an event is likely to stop the cryo-session for the day, and
closing the valves to the beams prevents significant damage to
the electron and ion source, which would require considerably
more time to recover.

FIB-SEM operations

It is advised to use ‘subtle’ e-beam scan conditions (e.g. 2 kV,
<0.1 nA, fast scan rate) when exploring a fresh sample. Hy-
drated material is vulnerable to electron and ion beam radia-
tion damage. The electrical conductivity is still poor, even af-
ter sputter-coating. The sputter-coated layer is generally thin
and easily removed by the FIB. A cautious approach isrequired
with a new sample. High kilovolts and currents (SEM, FIB, or
both) will cause severe charging effects, which may cause im-
age distortions and prolonged drifting. The FIB ion beam cur-
rent must be reduced (e.g. to ~10 pA), since if left high the
sample can be devastated. In general, neither of the beams
should be left scanning, unless it is necessary to generate an
image or mill a feature. Setting up the eucentric point of the

FIB and SEM beams (see ‘Cryo-FIB-SEM’ section) can be done
according to the standard routines corresponding to the spe-
cific microscope being used, with the exception of stage rota-
tion. When ready, and when the area of interest is found, one
can decide to cover the sample surface by using in situ Pt de-
position, similar to that for room temperature samples. The
Pt layer protects the surface from the ion beam, while it im-
proves the finish of the cross-section due to better smoothness
of the top surface. The procedure has been adapted for cryo-
applications and is described in detail by Hayles et al. (2007)
(see ‘Sample protection’ section) (Hayles et al., 2007).

Sample protection

In situ Pt deposition makes use of a needle valve that re-
leases an organometallic precursor gas close to the surface
of the sample. At room temperature, the inert gas diffuses
across the surface. The gas molecules are dissociated by the
ion beam into volatile components and adsorbed (metallic)
components. The latter forms the protective layer. Electron
beam induced deposition is also possible in principle, but it
is very slow, and to the author’s knowledge has not been
used under cryo-conditions.

Under cryo-conditions, the precursor gas immediately
freezes onto the sample surface, instead of simply diffusing
across it. Hence a small amount of precursor and a brief
flow is required. Restricting the dosage by controlling the
needle valve prevents growing massive mountains on top
of the region of interest. The temperature of the crucible
is set to approximately 28 °C for ‘cryo’ use (see ‘Crucible
temperature’ section). Moreover, the stage is lowered ap-
proximately 1 mm lower than its normal operating posi-
tion. Lowering the stage will spread the gas flux across a
wider area.

The needle valve is opened manually for ~3-5 s only,
since the deposition layer grows rapidly. The growth pro-
cess can be monitored live with the electron beam. It is ad-
vantageous to increase the temperature of the sample to —
125 °C to improve the homogeneity of the deposition (less
gas trapped inside the deposited layer). However, increasing
the temperature can only be done when the vitreous state
is not required.

The needle can be retracted once the valve is closed, and
the stage can be brought back up to its normal operating
position. At this point, the precursor molecules would be
adsorbed to the surface, but not yet dissociated. This is done
by moderate irradiation with the ion beam (typically 30 kV,,
1 nA). Continuous scanning by the ion beam will gradually
dissociate the precursor molecules, a process called planer-
ising. The dissociation can be monitored live using the elec-
tron beam, reflected in a very bright image due to the re-
lease of secondary electrons from the interaction between
the primary electrons and the escaping volatile gas com-
ponents. Once the electron beam image turns darker, the
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Fig. 8. Curtaining and protection: (A) Surface roughness causing severe curtaining. (B) Cryo-sample showing Au/Pd sputter coating (bright line), followed
by contaminating ice (dark line) from transfer, influencing the protection layer by insufficient release of gas on planerising. In turn the gas voids create
curtaining. (C) An uneven surface (Mildew spore pod), covered by protective deposition, to improve and reduce the chance of curtaining. Scale bar for (A)
10 um, (B) 2 pm and (C) 10 um.

dissociation process has finished and the protection layer,
now smoothed, is ready to be used.

FIB-milling

FIB-milling of a frozen hydrated sample under ‘cryo’ condi-
tions is similar to FIB-milling of any other solid, although the
sputter yield is unusually high (Marko et al., 2005, Fu et al.,
2008). Scan strategies for efficient milling vary by manufac-
turer, but standard FIB-milling procedures can be followed for
making cross-sections, although relatively low currents will
already suffice for large cross-sections. In general, a higher
current (30kV, >1 nA) is used to make a wide trench, followed
by a lower current to polish the cross-section. It is important
to realise the vulnerability of the sample, hence it is advised to
check and improve the focus and astigmatism correction ad-
jacent to the area of interest.

Curtaining. A well-known challenge in FIB-milling is an
artefact called curtaining. Vertical grooves or striations along
the direction of the FIB distort the image of the features
present in the cross-section. Curtaining is caused by lo-
cal variations in ion scattering (e.g. surface roughness)
along the surface of the sample as the cross-section is
milled. The ion beam will mill a wider track after leav-
ing a strongly scattering component, a starting point for
a streak in the cross-section. In solid samples with a con-
stant scattering property (such as one with a smooth
and uniform surface) curtaining is rarely encountered (see
Fig. 8A). Milling frozen cells that contain dense fat bodies often
results in local curtaining. The ion beam widens due to scat-
tering, resulting in a vertical trench along the cross-section.
Because the sputter yield in hydrated samples is so high, cur-
taining is likely to occur between high-density pockets and
highly hydrated phases. Ice contamination present on the sur-

face after sputter coating should be avoided. The contamina-
tion will be trapped by the protection layer and can cause poor
deposition (gas pockets) thus inciting curtaining (see Fig. 8B).
Curtaining caused by surface roughness can be prevented by
smoothing the surface with a layer of Pt deposition (see Fig.
8C) (see ‘Sample protection’ section).

FIB-induced heating effect. A reoccurring question is the po-
tential for FIB-induced heating and related damage to cryo-
samples. FIB-induced heating has long been a concern, and
not exclusively for cryo-applications; for example polymers
and freeze-dried cellular materials are also potentially vulner-
able samples (Volkert and Minor, 2007; Ishitani and Kaga,
1995; Ishitani and Yaguchi, 1996; Bassim et al., 2012; Wolff
etal., 2018). A crucial finding is made by TEM diffraction mea-
surements of FIB-milled cryo-sections, revealing that the FIB-
milling process did not induce a phase change from vitreous
to crystalline (Marko et al., 2005). Although the experimen-
tal evidence is clear, theory predicts a considerable heat pulse,
but damage is only to be expected very close to the milled sur-
face. Observations of surface-damage layers confirm a typical
thickness of only a few nm for low-kV FIB-milling (Schaffer
etal.,, 2012).

Effective milling is a cumulative effect and hence the ac-
cumulation of energy (i.e. phonons and heat) is considered,
but accumulation occurs only if a succeeding ion enters the
same space before the energy of the preceding ion has been
dissipated.

Ion-beam currents in FIB-SEM instruments range from 60
nA to 1 pA. The ion-beam profile is assumed to be Gaus-
sian (Ali and Hung, 2006; Shorubalko et al., 2017). The
width of the beam (i.e. spot size) is traditionally defined by the
full-width-half-maximum (FWHM) or the standard deviation
(SD). This is strongly dependent on the selected current and
varies from 10 nm (at 10 pA current) to possibly thousands of
nanometres (at 60 nA current).
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Fig. 9. Contrast: (A) After FIB-milling. (B) Creating contrast by sublimation. (C) Surface charging at 3 kV (more contrast, more charge effect). (D) Sub-
surface charging at 5 kV (less visual charge, more depth effect). The latter two images show the influence of different SEM beam energies and how the
use and reproducibility can be a challenge. Scale bars: (A), (B) 3 um, (C) and (D) 5 pm.

The spatial and temporal spreading of the ions across the
spot size reduces the probability that a local accumulation of
energy could occur. A detailed discussion of a stochastic ap-
proach towards ion-beam heating is beyond the scope of this
paper.

SEM imaging

SEM imaging of cryo-FIB-SEM milled cross-sectionsin a frozen
bulk sample presents a challenge, as the content of Life Science
samples in general provides very little basis for contrast. Cells
embedded in a resin are usually heavily stained with heavy
metals, providing strong contrast, especially in BSE imag-
ing mode (De Winter et al., 2009), but poststaining frozen-
hydrated samples is not possible. Two methods are known to
visibility of cellular structures: sublimation and charging.

SEM contrast from sublimation. ~ The principles and practical
aspects of sublimation have been discussed in ‘Sublimation
strategy’ section. A particular disadvantage of sublimation is
loss of the vitreous. Not only the sample surface is warmed up,
but the entire sample is heated, since the heat comes from the
stage. In defence of sublimation practices, one can say that
the effects of devitrification are below the resolving power
of SEMs. This argument does not hold when samples are
prepared by cryo-FIB-SEM for further investigations in a cryo-
TEM.

An example of what sublimation can produce, is shown
in Figures 9(A) and (B). In general, FIB cross-sectioning in
combination with sublimation is used for single cross-sections
only. Serial-sectioning combined with sublimation cycles is
deemed unfeasible due to the poor control over the sublima-
tion process.

Fig. 10. Localised beam damage: (A) cryo-FIB-SEM E-beam damage after fracture and before milling of P2 inner membrane (Yeast cell) seen as swelling
and splitting. Invaginations and particle arrays are visible. (B) TEM image of a cryo-FIB-SEM prepared lamella of yeast cells, demonstrating ‘bubbling’ of
cellular component due to excessive exposure to the TEM E-beam. The FIB lamella has a thickness of 300 nm and although damaged, typical structures
of S. cerevisiae are seen; multivesicular bodies (MVB), mitochondria (M), lipid granules (LG) and cortical endoplasmic reticulum (ER) are clearly visible.
(C) Swelling of the cell walls due to over E-beam scanning. Scale bars: (A) 500 nm, (B) 500 nm, (C) 5 pm.
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SEM contrast by charging.  An alternative imaging strategy
utilises charging phenomena present in the surface and sub-
surface of the FIB-milled section and has been shown recently.
Life Science samples are generally poor electrical conductors
and as a result, the sample charges. Charging occurs at the ac-
tive milling site and is visualised in the SE imaging mod. With
optimised scanning conditions of both ion and electron beam,
it becomes possible to generate high-resolution images with
clear details of membrane structures within. The exact image
formation mechanism is complex and not entirely understood
and authors have long considered such images to be with
‘charging-artefact’. We believe the technique is at an early
stage in development and somewhat problematic in terms of
ease of use and reproducibility (see Figs. 9C and D). As a 3D
imaging strategy for macro and microstructures it is suited for
serial-section data acquisition and 3D reconstruction, charac-
terised by Kuba et al. (2020) and Schertel et al. (201 3).

Electron beam effects.  Hydrated samples are very vulnera-
ble to the electron beam. Hydrolysis and knock-on damage
occur during radiation, even when using a low-kilovolt elec-
tron beam. The sputter yield (an equivalent weight of a H,O
molecule per incoming electron) of pure water ice is found
to be 1.5-0.65 for electron energies of 1-3 keV respectively
(Gallietal., 2018). The sputtered species consist of H, H,, 0™,
0., HO, H,0, H30 and others (Galli et al., 2018). When water
is expelled from the sample, membrane-bound structures can
swell. For example, the interaction between the incoming elec-
trons and pure water is relatively little compared to the inter-
action with a membrane. As a result, relatively large amounts
of energy are deposited in the direct vicinity of membranes,
sometimes seen in the cryo-FIB-SEM as swelling and splitting
of the membrane or swelling of the cell walls (see Figs. 10A
and C), or in the cryo-TEM image as bubbling (Fig. 10B). Such
damaged material can be removed by milling away or fractur-
ing more material from the parent sample, but with the po-
tential of completely losing a particular feature. The best so-
lution is prevention by using the lowest electron beam current
possible. In addition, focusing should be done on a part of the
sample that does not contain information of interest. The lat-
est FIB-SEM detectors have improved considerably in terms of
signal-to-noise ratio, which allows for use of much lower beam
currents for an acceptable image.

Conclusion/outlook

The importance and relevance of cryogenic observations of
hydrated samples in Life Sciences has been underlined by
granting pioneers in the field of cryo-electron microscopy
a Nobel Prize. This success is the result of the combined
efforts and determination of skilled mechanical and electrical
engineers, physicists and biologists, facilitated by the develop-
ment of high-end cryo-FIB-SEM and cryo-TEM instruments.
Various practical approaches are proven to work, as discussed

elsewhere in this special issue (Kuba et al., 2020; Parmenter,
2020; De Winter et al., 2020). Moreover, new biological
insights have been obtained with the new techniques. As
a result, many laboratories around the world have started
to adopt cryo-FIB-SEM methods. Practical improvements in
the workflow are needed to facilitate ease of use, speed and
overall success rate before such methods become ‘mature’.
As new results emerge, fundamental topics are increasingly
being challenged. New developments, such as application
of cryo-transmission scanning electron microscopy (cryo-
TSEM) add a new SEM imaging modality for single or multiple
in situ FIB-milled thin lamella (De Winter et al., 2013). An-
other application with interesting potential is cryo-FIB-SEM
serial-section data acquisition and 3D reconstruction (Kuba
et al., 2020; Schertel et al., 2013; Spehner et al., 2020). A
third example is ‘cryo-CLEM’ (Correlative Light and Electron
Microscopy). While cryo-CLEM may take several forms, recent
interesting results have been obtained by the refined applica-
tion of automated FIB-milling of cells labelled for correlative
light microscopy combined with cryo-lift-out for subsequent
tomography in the cryo-TEM (Rigort et al., 2010b; Medeiros
et al., 2018a; Sartori-Rupp et al., 2019; Gorelick et al., 2019).
The cryo-lift-out technique itself is improving with encourag-
ing interest, and already plays an important role in cryo-TEM
investigations (Kuba et al., 2020; Wolff et al., 2019).

In conclusion, we hope to have convinced researchers new
in the field of cryo-FIB-SEM that the technique is reasonably
user-friendly and can be mastered with some practice and
with the tips given. We have brought together most of the
detailed knowledge, which is sometimes hidden ‘between the
lines’ of papers discussing cryo-FIB-SEM results. It is our hope
that this paper functions as a common basis for venturing into
other advanced disciplines relevant to cryo-FIB-SEM research.
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