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Introduction
The usefulness of focused ion beam (FIB) technology and the pairing of FIB with a scanning electron
microscope (SEM) in an FIB-SEM are confirmed by
their rapid proliferation and advancement. New applications in many areas of research and engineering
are continually being explored and, in many cases,
successfully deployed. One such application, cryogenic FIB-SEM, is a newcomer to the scene but offers
a lot of promise in overcoming limitations posed
by room-temperature FIB-SEM. Cryogenic electron
microscopy has been around for decades and has
proven to be very useful in imaging water-containing
samples (such as biological samples, polymers, clay,
etc.). The majority of FIB systems use gallium as the
ion species, and although this is an excellent choice for
most applications, it is not without some limitations.
Gallium, from the FIB, can interact unfavorably with
a class of semiconductors called compound or III-V
semiconductors (named for the columns on the periodic table where the two elements in the compound
belong). Gallium also belongs to group III and can
interact undesirably with a compound semiconductor during the ion sputtering process. The group III
element reacts eutectically with gallium, forming
liquid droplets and releasing the group V element.
Gallium has a low melting point (29 °C) and, when
mixed with other group III elements, can have an even
lower melting point, causing a liquid metal to form at
room temperature. Moreover, it was found that even
in cases where the group III element was gallium, the
compound semiconductor was still broken down after
exposure to the gallium FIB. The group V element is
knocked off by the gallium ion beam, leaving behind
either pure gallium or, in the case of eutectics, an alloy

of two group III elements. The result of FIB exposure
of such material is the meltdown of the milled crystal,
formation of droplets, and pooling of gallium or the
alloy while attempting to mill. This article shows
that cryogenic FIB-SEM allows gallium FIB milling of
compound semiconductors to be carried out and can
also reduce some other side effects that are observed
in thin-film structures.

Challenges in TEM Sample
Preparation of III-V
Nanoparticles
A seemingly impossible task was presented: to
prepare a transmission electron microscope (TEM)
lamella from indium nitride (InN) nanoparticles that
had been grown in a reactor at Harvard University
under conditions that produced a surprising crystal
shape (Fig. 1).[1] At its base, the crystal was hexagonal,
but a tapered additional six sides grew to the top of
the crystal. To understand the cause for the formation
of this structure, a high-resolution TEM or scanning
TEM (STEM) image was required that would image
the different phases at their boundaries.
Multiple attempts over several years to prepare
these samples for TEM failed because of lack of prior
knowledge and experience in handling such material.
The occurrence of a eutectic reaction between gallium and indium was realized at an early stage. The
challenges faced were therefore in manipulation of
single nanoparticles and the reduction/elimination of
gallium exposure. Alternatives that were attempted
included broad-beam argon ion milling and helium
FIB milling, but control of milling in these instruments
was not adequate without at least a partial gallium
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FIB exposure beforehand. Also, the studied material
structure (InN nanocrystal) is not only too small to
handle but also too soft for mechanical polishing or
microtome techniques.
Part of the challenge was met by developing a process that allowed the harvest of single nanoparticles
and the manipulation of them into a desired position
and orientation. However, slicing and thinning of the
nanocrystal still involved exposure to gallium. To
avoid meltdown of the crystal, cryogenic FIB-SEM
sample preparation was attempted, which required
some hardware modifications to the system. The
solutions developed to successfully address these
challenges are described here, which also opened up
new areas of FIB-SEM applications.

Nanomanipulation
An established technique for lifting out a TEM la-

mella from a bulk is to use an FIB to cut it free from
the parent and then to attach a probe tip to the lamella
to lift it out (Fig. 2). The attachment process is accomplished with FIB deposition of metal (typically platinum or tungsten) or carbon that serves as a “glue”
to hold the lamella to the tip of the probe. Once the
attachment is achieved, the lamella is transferred to a
grid and detached from the tip, as shown in Fig. 3.[2]
Because FIB deposition involves the use of gallium
ions, it had to be avoided as much as possible, to
maintain the integrity of the InN crystal. The use of
an alternative SEM-based deposition (electron beam,
or e-beam, chemical vapor deposition) avoided gallium exposure but imposed yet another problem:
the nanocrystals would also become attached to the
substrate by the same metal intended to attach them to
the tip. Therefore, metal deposition had to be avoided
altogether, and yet another alternative was developed
for the transfer of the crystallites.
It was discovered that a very sharp tip (approximately 10 nm sharpness) could lift out the nanocrystals by Van der Waals forces that are dominant in the
nanoscale. By using FIB milling, a tip-sharpening
process was developed that produces tips with a
sharpness of approximately 10 nm. These tips were
then used to pick up single nanocrystals from their
growth substrate (Fig. 4).
By using the sharpened tip, a single nanocrystal
could be transferred to either a grid or another substrate for subsequent processing. Once the sample
was transferred to the TEM grid, it had to be thinned
to become transparent to electrons. Two approaches
were used for thinning:

Fig. 1

Nanocrystal of InN grown with six facets on one end and
twelve on the other, tapered into the growth direction

Fig. 2

Probe tip on a wedge cut free from the bulk material and ready
for attachment and liftout

• The single crystal was coated with e-beam-deposited carbon on a silicon substrate, followed by cutting
out the encapsulated crystal with part of the silicon

Fig. 3

FIB-prepared lamella lifted out from the bulk, transferred and
attached to a TEM grid, and cut away from the probe tip
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substrate for support and placing this on a grid for
thinning (Fig. 5).
• A crystal or cluster of crystals was placed directly
on the grid and coated with e-beam-deposited
carbon to attach it and protect it from subsequent
FIB exposure (Fig. 6).
Once placed on the grid and protected with e-beamdeposited carbon, the crystals were ready for thinning. Numerous attempts to thin such crystals with
gallium FIB failed due to meltdown of the InN into a
pool of liquid metal. Attempts at using low-current,
low-dose, low acceleration, followed by either argon
broad-beam milling or helium FIB milling, did not
produce a useful TEM sample. The only way to still
use gallium on indium-containing crystals and avoid
the eutectic reaction is to stay well below the eutectic
temperature, that is, to cool the crystallite. The decision was made to attempt this process at cryogenic
temperatures (~150 K).

Brief History of Cryogenic
Electron Microscopy
Cryogenic electron microscopy for water-containing samples (mostly organic materials) has been
possible for many years.[3] One way to fix a hydrated
sample for a vacuum environment is to freeze it at
cryogenic temperatures (<150 K). Rapid freezing can
preserve the structure of water-containing samples
by converting the water to vitreous (amorphous)
ice without any crystal formation. (Water crystals
can damage cell walls or the overall structure of a
sample.[4] In the last several years, FIB-SEM systems
have been outfitted with commercially available cryogenic capability, which has now enabled cryogenic FIB
milling as well as cryogenic SEM in one system. The
site-specific capability of an FIB-SEM at the nanoscale
through in situ “mill and view” at high resolution is
now possible at cryogenic temperatures. However,
FIB and FIB-SEM cryogenic work has mainly focused
on soft material.[5]

Developments in Cryogenic
FIB-SEM
A process has been developed for cryogenic FIBbased TEM sample preparation on a minimally modified commercially available system to address a class
of inorganic materials that are adversely affected by
gallium-based FIB irradiation (30 keV gallium beam)
at room temperature. While this process will also
work for organic material, the findings are reported
here for semiconductor material. Many compound
semiconductors (GaAs, GaN, InN, etc.) and some
Fig. 4

Sharpened tip used to lift out nanocrystal by using only
naturally occurring forces

Fig. 5

Single crystal placed on a silicon substrate and coated with ebeam-deposited carbon. A fiducial line was also deposited over
the center of the crystal to aid in thinning.
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Fig. 6

Pair of InN crystals placed directly on the TEM grid and held
in place by Van der Waals forces

metals used for interconnects in circuits react destructively with the gallium in the FIB.[6] As a result,
FIB milling for analysis of these materials becomes
difficult, if not impossible (Fig. 7).
Copper used for integrated circuit interconnects
and other electronic systems is also problematic to
FIB milling. The effect of milling copper at cryogenic
temperature is also reported here. Finally, the effect
of milling thin-film photovoltaic material for TEM
sample preparation using cryogenic FIB-SEM was
investigated.

Hardware
Minor modifications were made to the existing
equipment to enable cryogenic FIB-SEM sample
preparation for TEM cryo-imaging. The equipment
consisted of a Zeiss CrossBeam (Carl Zeiss SMT) retrofitted with a Leica cryo-stage (Fig. 8) and docking
station for the Leica EM VCT100 (Leica Microsystems,

Inc.) shuttle. The Leica EM VCT100 shuttle and a Leica
cryo-loading chamber were also used for sample
transfer.
To aid cryo-liftout, custom modifications were
made to an existing Omniprobe nanomanipulator.
Figure 8 shows the modifications, which consist of
a custom probe shaft equipped with a thermally isolated copper “probe tip gripper.” A probe tip of the
type normally used for the Omniprobe AutoProbe 300
(Omniprobe Inc.) in situ tip exchange is firmly held
in the probe tip gripper jaws. The probe tip gripper is
affixed to a copper coupling, the other end of which
is attached to the main probe shaft body via a small,
rigid ceramic tube. The ceramic tube offers thermal
isolation from the heat-sinking mass of the stainless
steel probe shaft.
A flexible copper braid tethers the copper coupling
to a cryogenically cooled “cold finger” (Fig. 8). The
flexible copper tether allows free movement of the
probe tip while providing a thermal path for the cold
finger to cool the probe tip to cryogenic temperatures.

Results
InN Nanocrystal
The InN nanocrystals were successfully imaged
using cryogenic conditions from the beginning of
preparation all the way to cryogenic TEM imaging.
However, the high resolution and stability required
to observe the phase boundaries of interest in STEM
could not be achieved at cryo in the available system.
Therefore, the author experimented with warming up
the sample after cryo-FIB sample preparation. This
proved to be successful if the sample was warmed up
in the vacuum system. Figure 9 shows early stages
Fig. 7

Result of FIB exposure of GaN at room temperature (30 keV
Ga+; dose: 5.5 nC/µm2)

Fig. 8

Cryo-stage mounted on the CrossBeam stage with copper
cooling bands and modified probe for cryogenic FIB sample
preparation

Fig. 9

Start of InN crystal thinning on grid using cryogenic FIB.
The crystal end is clearly visible in the middle of the figure,
and the hump at the top of the figure is the alignment mark
deposited in carbon to mark the center of the crystal.
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of thinning the sample on the grid at cryogenic temperature, and Fig. 10 shows the fully thinned sample.
Figure 11 is a TEM image of the InN sample that
was cryogenically prepared but imaged at room temperature. Lattice spacing that matches the expected
value for InN was observed in areas of the sample,
but thus far a useful image of the phase boundaries
themselves has not been yielded. The capability to
resolve lattice structure in the TEM is evidence that
the crystal has not been amorphized by the preparation. Further sample preparation is still required to
complete this study.

GaN Semiconductor
A 5 mm thin film of GaN on sapphire was used to
evaluate the temperature effect of FIB milling on this
semiconductor material. Although the hardware used
is capable of reaching 120 K sample temperature, for
throughput and the possibility of using a simpler cold
stage (such as a thermoelectric system), a warmer
range of temperatures was evaluated. Table 1 shows
the effect of temperature as a qualitative measure of
material alteration as severe, intermediate, minimal,
and none observed.
At room temperature, the gallium effect is so pronounced that the area to be milled is full of spheres
of postexposure material (Fig. 7). At just 25° below
freezing, the undesirable effect is present only in the
area of initial exposure, the start of the scan (Fig. 12a).
Finally, the effect of allowing the cryo-FIB sample to
warm back up to room temperature is of interest,
because TEM imaging or subsequent analysis may
be simplified if it can be done at room temperature.
The effect of warming the sample after cryo-FIB was
evaluated, and it was discovered that some of the undesirable side effects of room-temperature FIB milling
(continued on page 18)

Fig. 10 InN sample thinned for TEM on grid using cryogenic FIB
and suspended in the protective coating of carbon used prior
to liftout. Because the sample was not sitting perfectly flat on
the substrate, carbon deposited underneath the crystal and
fully encapsulated it.

Fig. 11 TEM image of cryo-prepared InN nanocrystal after warmup
to room temperature in vacuum. Lattice structure can be
discerned over certain areas.
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Table 1 Effect of temperature on FIB 		
		
milling of GaN
Temperature,
K

Exposure,
nC/µm2

Side effect 		
(qualitative)

300

5.5

Severe

248

5.5

Severe

223

5.5

Intermediate

173

5.5

Minimized

128

5.5

None observed

Fig. 12 GaN exposed to 30 keV Ga+, dose: 5.5 nC/µm2 at (a) 248, (b)
223, (c) 173, and (d) 128 K
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(continued from page 16)

are exhibited after cryo-FIB if the sample is warmed
to room temperature. Researchers at other sites also
observed this phenomenon.[7] It was discovered that
some of the droplets appear when the sample is
returned to room temperature after cryo-exposure;
gallium or its alloy melt and ball up to droplets due
to surface tension. Therefore, for best results the
analysis should be completed at cold temperature or
the milling performed at the coldest temperature possible. For this reason, the development of a cryogenic
TEM sample-preparation process is being pursued
that keeps the sample cold throughout all the steps,
including the TEM imaging.

Copper Thin Film and CopperContaining Multilayer Photovoltaic
Material
Milling of copper interconnects developed for the
10 nm node was not improved by cryogenic temperatures, but an improvement at cold temperatures was
realized in the case of a multilayer thin-film photovoltaic material that was a compound of copper (CdS
and Cu2ZnSn(S,Se)4, or CZTS). Room-temperature
milling of CZTS for TEM sample preparation caused
migration of the copper into the CdS layer, as shown
in Fig. 13, where elemental analysis was performed

in the STEM. This migration was not observed in a
sample prepared using cryogenic FIB (Fig. 14).

Conclusion
Cryogenic FIB-SEM has been shown to be useful for
analyzing compound semiconductors and photovoltaic multilayer materials where migration and meltdown are shown to be caused by room-temperature
milling with gallium ions. Specifically, compound
semiconductors can be cleanly and evenly milled using gallium FIB at temperatures below 173 K. It was
also found that the formation of gallium or gallium
alloy liquid droplets may take place on warming of
these cryo-FIB-milled samples. All these effects may
be avoided by using an entirely cryogenic process that
was developed and used to prepare gallium-sensitive
material for cryo-TEM.
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Noteworthy Item
ITC 2013
The International Test Conference (ITC) will be held September 10 to 12, 2013, in
Anaheim, Calif. ITC is the world’s premier venue dedicated to the electronic test of
devices, boards, and systems and covers the complete cycle from design verification,
design for test, design for manufacturing, silicon debug, manufacturing test, system test,
diagnosis, failure analysis, and back to process and design improvement. At ITC, design, test, and yield professionals can confront the challenges the industry faces and learn how these challenges are being addressed by the
combined efforts of academia, design tool and equipment suppliers, designers, and test engineers.
ITC, the cornerstone of the Test Week event, offers a wide variety of technical activities targeted at test and design
theoreticians and practitioners, including formal paper sessions, tutorials, panel sessions, case studies, a lecture
series, commercial exhibits and presentations, and a host of ancillary professional meetings.
ITC is sponsored by the IEEE Electron Devices Society and the IEEE Computer Society. For more information,
visit www.itctestweek.org.
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