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Surface Damage Induced by FIB Milling and Imaging
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ABSTRACT Focused ion beam (FIB) techniques are among the most important tools for the

nanostructuring of surfaces. We used the FIB/SEM (scanning electron microscope) for milling and
imaging of digestive gland cells. The aim of our study was to document the interactions of FIB with
the surface of the biological sample during FIB investigation, to identify the classes of artifacts,
and to test procedures that could induce the quality of FIB milled sections by reducing the arti-
facts. The digestive gland cells were prepared for conventional SEM. During FIB/SEM operation
we induced and enhanced artifacts. The results show that FIB operation on biological tissue
affected the area of the sample where ion beam was rastering. We describe the FIB-induced surface
major artifacts as a melting-like effect, sweating-like effect, morphological deformations, and gal-
lium (Ga*) implantation. The FIB induced surface artifacts caused by incident Ga* ions were
reduced by the application of a protective platinum strip on the surface exposed to the beam and by
a suitable selection of operation protocol. We recommend the same sample preparation methods,
FIB protocol for milling and imaging to be used also for other biological samples. Microsc. Res.

Tech. 70:895-903, 2007. ©2007 Wiley-Liss, Inc.

INTRODUCTION

Focused ion beam (FIB) techniques are among the
most important tools for the nanostructuring of sur-
faces and microstructure characterization (Li, 2006).
The FIB is widely used in semiconductor industry and
material sciences, and most recently it has entered into
life sciences (Ballerini et al., 1997; Drobne et al., 2004,
2005a,b; Ishitani et al., 1995; Milani et al., 2006a,b).

FIB instruments were used for eroding biological
material and exposing subsurface structures as early
as in 1960’s (Claugher, 1986; Fulker et al., 1973; Lewis
et al., 1968; Spector et al., 1974). However, the difficul-
ties with interpretation of the results and uncertainty
about the side effects of ion manipulation have placed
serious limitations on the broad application of ion etch-
ing in biology. In spite of this, the results indicated that
ions and fast atom sources can reveal the biological
structures in a way that cannot be achieved by any
other method (Haggis, 1982; Ishitani et al., 1995; Li
et al., 2001; Yonehara et al., 1989).

Recently, the FIB/SEM system proved the applicabil-
ity for site-specific exposing of subsurface structures of
biological samples prepared either for conventional
scanning electron microscopy (Drobne et al., 2004,
2005a,b), and of unprepared cells (Milani and Drobne,
2006). A challenge of the present time remains to dif-
ferentiate the true structure from artifacts and to con-
trol them and to assess the potential of FIB/SEM in life
sciences.

In a FIB machine, the samples are irradiated with
positively charged Ga ions produced by a liquid metal
ion source (LMIS) and usually accelerated to the energy
of 30-50 keV. The beam profile has a shape consisting
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of a core with the Gaussian type of current-density dis-
tribution. Typical beam diameters may be as low as 5-7
nm. In addition to this core, the focused ion beam shows
long-range tails with a current density typically three—
four orders of magnitude lower than the maximum cur-
rent density and decays approximately with distance
from the beam center (Frey et al., 2003).

FIB nanostructuring involves rastering a beam of
ions across a sample. The momentum of the ions as
they strike the sample surface is so high that some
material, atoms and ions, is sputtered away (Frey
et al., 2003; Haswell et al., 2003). FIB is governed by
different parameters given by the beam profile, by the
angle of incidence, by ion species, ion dose, ion energy,
etc. During FIB milling, the interaction of highly ener-
getic (30 keV) gallium ion beam with the sample sur-
face has many not desirous side effects. The FIB
induced artifacts are described as morphological
defects, crystal damage, uncontrolled Ga* implanta-
tion, amorphization, material redeposition, mixing of
material, radiation damage, changes in surface geome-
try, and its electronic properties, etc. (Adams, 2006;
Barber, 1993; Barna et al., 1999; Bever et al., 1992;
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Boxleitner et al., 2001; Brezna et al., 2003; Cairney
and Munroe, 2003; Frey et al., 2003; Huang, 2004; Ink-
son et al., 2006; Ishitani et al., 1998, 2004; McCaffrey
et al., 2001; Nord et al., 2002; Perrey et al., 2004; Raj-
siri et al., 2002; Reiner et al., 2004; Rubanov and Mun-
roe, 2003, 2004, 2005; Stanishevsky et al., 2002; Vet-
terli et al., 1995; Wang et al., 2005; Yabuuchi et al.,
2004; Yu et al., 2006).

All these artifacts have two characteristics even in
materials that are made by few elements and have sim-
ple 2D geometries: they are not easily predictable in
detail (quantitatively) and they are strongly intercon-
nected, i.e., they are simultaneously developing and
mutually influencing.

The depth and width of the damaged subsurface vol-
ume is very difficult to assess (Vetterli et al., 1995). It
has been found that both, the effective sputter rate and
the damage depth, increase with increasing beam
energy (Boxleitner et al., 2001). Also, the low intensity
tail regions give rise to extended gallium contamina-
tion. Moreover, beam tail regions with lower ion flu-
ency than core regions face different effects than the
center part of the structures. The thickness of the dam-
aged layers is greater than that calculated from theo-
retical models of ion implantation (Rubanov and Mun-
roe, 2005). These differences are explained by the
dynamic nature of FIB milling, meaning that the ener-
getic ion beams pass through already damaged layers.

During milling operation, the surface damage caused
by incident ions can be reduced by metallic (Adams
et al., 2006; Arnold and Bauer, 2003; Haswell et al.,
2003; Rubanow and Munroe, 2003; Reiner et al., 2004)
or carbon (Thompson et al., 2006) barrier layers cover-
ing the specimen. After milling, the damaged layer can
be reduced by final mills at low accelerating voltages
(few kV), by plasma cleaning, and by polishing, also
known as “clean-up cuts,” etc. (Cairney and Munroe,
2003; Kato, 2004; Rubanov and Munroe, 2003; Wang
et al., 2005). In final polishing, the beam is rastered
line by line towards the region of interest and can sig-
nificantly reduce the artifacts because of redeposition,
amorphisation, and morphological defects known as
curtaining (Cairney et al., 2000 a,b).

Beyond the effects associated with FIB sectioning,
also FIB imaging can modify the target and the
exposed sections. Actually a consequence of FIB imag-
ing (scanning ion microscopy, SIM) is also the progres-
sive destruction of the imaged surface. Here, the de-
structive nature of SIM can be used as a tool for a grad-
ual removal of the exposed layers thus uncovering the
structures beneath (Ohya and Ishitani, 2003a,b; Sakai
et al., 1999). At SIM, the FIB-sample interaction is not
taken as an artifact that is needed to be reduced, but to
be controlled.

In biological samples, there is a lack of information
about deformations induced by FIB milling or imaging.
The low ion beam current polishing (typically 100 to
300 pA) can be used to reduce the damaged layer
(Drobne et al., 2004, 2005a,b; Ishitani et al., 1995).
Otherwise, not much is known about the surface dam-
age induced by FIB.

The aim of our study was to document the consequen-
ces of FIB interactions with biological sample surface
during FIB milling and imaging operation, identify the
classes of artifacts, and test procedures that could
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Fig. 1. Digestive system of P. scaber is composed of stomach, gut,
and four blind ending digestive gland tubes (hepatopancreas).

induce quality of (FIB milled) sections by reducing
the artifacts. The single layer epithelium of isopod
crustacean digestive glands was prepared for scanning
electron microscopy. The investigated sample surface
was gold sputtered. In places, a platinum strip was de-
posited for protection of the surface from the ion beam.
Secondary ion (SI), secondary electron (SE), and back-
scattered electron (BSE) imaging were performed on dif-
ferently prepared tissue. We discuss the appearance,
reduction, and control of FIB-sample interaction arti-
facts.

MATERIALS AND METHODS

Terrestrial isopods, Porcellio scaber (Isopoda, Crus-
tacea), were collected under concrete blocks and pieces
of decaying wood (Ljubljana, Slovenia).

Digestive system of a terrestrial isopod Porcellio
scaber is composed of a gut, a stomach, and four blind
ending digestive gland tubes, which are up to 8 mm
long and can reach 0.5 mm in diameter (Fig. 1). Diges-
tive glands (hepatopancreas) consist of a single layer
epithelium, whose cells are covered by microvilli and
face the gland lumen.

After a manual break of one digestive gland tube, the
apical part of gland cells became exposed for FIB/SEM
investigation (Fig. 2).

Digestive gland tubes were isolated and fixed in 1.0%
glutaraldehyde and 0.4% paraformaldehyde in 0.1 M
sodium cacodylate buffer (pH 7.2) for 2.5 h at room
temperature. The chemically fixed samples were fol-
lowed by OTOTO conductively staining (OsOg4/thio-
carbohydrazide/OsO /thiocarbohydrazide/OsO4) (Dun-
nebier et al.,, 1995) and dehydration, or chemically
fixed samples were directly dehydrated. The conduc-
tive staining introduced metals into the sample in
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Fig. 2. Secondary electron micrograph of a manually broken diges-
tive gland tube exposing the gland lumen. Apical parts of epithelial
cells that are facing the gland tube lumen are covered by microvoli.

order to increase its conductivity. After dehydration in
a graded series of ethanol, the samples were dried at
the critical point (Balzers Critical Point Dryer 030) and
gold coated (Sputter coater SCD 050, BAL-TEC, Ger-
many). Digestive glands of altogether eight animals
were investigated by the FIB/SEM system.

The samples were fixed on brass holders with silver
paint (High purity silver paint, SPI), mounted on the
sample holder into the specimen chamber (5-axis
eucentric stage) of a Dual Beam system for FIB/SEM
operation (FEI Strata DB 235 M). The rough milling
conditions to open a trench employed ion currents of 5—
7 nA, at 30 kV. Lower beam currents of 100—300 pA
were used to polish the cross section. Spot size in the
case of rough milling was ~150-100 nm of diameter
and for polishing it ranged from 20 to 35 nm of diame-
ter. Secondary electron detectors were: Everhardt
Thornely Detector (ETD), Continuous Dynode Electron
Multiplier (CDEM), and Back-Scattered Electron, sec-
ondary ion detector was a CDEM. Dwell time for mill-
ing was 1 ps and the overlap was 50%. The SEM imag-
ing was performed by means of the FEG electron
column available in the same system with a resolution
of 1 nm at 30 kV. The spot size in the case of SEM was
up to 0.5 nm in diameter. The system operated with col-
umn pressures in the 10~° Pa range and the specimen
chamber pressure between 10~* and 102 Pa.

RESULTS

Digestive system of a terrestrial isopod Porcellio
scaber is composed of a gut, a stomach, and four blind
ending digestive gland tubes, which are up to 8 mm
long and can reach 0.5 mm in diameter (Fig. 1). Diges-
tive glands (hepatopancreas) consist of a single layer
epithelium, whose cells are covered by microvilli and
face the gland lumen (Figs. 2—4). After a manual break
of one digestive gland tube, the apical parts of cells
became exposed for FIB/SEM investigation (Fig. 2).
When a biological sample is prepared for SEM

Microscopy Research and Technique DOI 10.1002/jemt
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following standard preparation protocol it is usually
gold or carbon coated. In our study the samples were
gold sputtered.

A low ion beam current (1 nA down to 300 pA) was
used for cutting a spherical structure lying on the top
of microvilli (Figs. 3a and 3b). This spherical structure
is most probably extruded by a neighboring cell during
the extrusion phase of the cell cycle. After this opera-
tion, a melting-like effect was observed in and around
the area exposed to the incident ion beam (Fig. 3b). Af-
ter five successive low ion current scans of the same
surface region one can observe morphological distor-
tions of the microvilli and the most apical part of the
cell lying just beneath the microvilli (Fig. 3c).

A high ion beam current (5-7 nA) was used for mill-
ing a cell in order to expose intracellular structures
(Figs. 4-6). The top (apical) cell surface with microvilli
was oriented against the ion beam. The milling opera-
tion was in the direction from the apical part of the cell
toward its basal region. The high ion beam current
milling operation produced severe morphological
anomalies on the apical part of the cell and on the
milled side wall and just beneath the top surface (Figs.
4a and 4b). These anomalies were successfully reduced
by applying a protective platinum (Pt) strip on the api-
cal cell surface just before milling (Figs. 4c and 4d).
Here, the Pt strip protected the surface from high ion
beam currents during milling as well as it creates a ho-
mogenous and nearly flat surface where the ions
impact, thus reducing drastically the sputter rate dif-
ference because of the surface morphology.

The FIB exposed cell interior of a conductively
stained cell was imaged by secondary (Figs. 5a—5c¢) and
backscattered electrons (Fig. 5d) as well as by ions
(Fig. 6e). A high magnification of a FIB milled cell inte-
rior reveal a high quality cut (Fig. 5a). After FIB imag-
ing, structural defects on the imaged surface appeared
that are described as morphological distortions (Figs.
5b, 6f) and bright spots (Figs. 5b and 5c¢). The bright
appearance of these spots in secondary electron images
and in backscattered electron images suggests the
presence of a relatively high atomic number material
(Fig. 5d). They appear only on osmium conductively
stained samples. We classify their appearance as a con-
sequence of a sweating-like effect. Most probably these
spots are generated by combination of Os and Ga, as it
happens also with other metals (Au, Cu, GaAs com-
pound), where the very same effect is observed.

In samples without any conductive staining, whose
cell interior was exposed by a manual break, a poor
electrical conductivity lead to a charging effect at sec-
ondary electron as well as at backscattered electron
imaging (Figs. 6a and 6b). After FIB milling, the charg-
ing effect was reduced and a better signal was achieved
at both SE and BSE imaging (Figs. 6¢c and 6d). No
structural deformations or changes in compositional
contrast due to Ga* implantation were observed.

Further, this region was ion imaged (Fig. 6e).
Destructive ion imaging caused rounded edges and en-
larged holes. Also, ion imaging significantly improved
the signal at subsequent electron imaging. We explain
this improvement in the BSE and SE signal as a result
of Ga* implantation. Ion imaging also concurs in this
improvement, since it neutralizes the charge during
the subsequent electron beam imaging, resulting in
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Fig. 3. a—c: Secondary electron micrographs of the apical cell sur-
face before (a) and after (b, ¢) FIB operation. Sometimes, on the top of
microvilli sphaerical structures are situated. Low ion current FIB
was used for milling of one spherical structure (b); note the melting-

higher signal/noise ratio (Fig. 6e). No bright spots were
observed after ion irradiation of exposed cell surfaces
of nonconductively stained samples. The melting-like
effect appears as a homogenous bright cover over the
ion irradiated (scanned) gold coated surface. The two
preparation methods differ significantly in the amount
of Os introduced into the sample during sample prepa-
ration. In our investigation, the melting-like effect was
observed only where significant amounts of metals
were added either by gold sputtering on the sample
surface or intracellular by postfixation and conductive
staining.

DISCUSSION

FIB milling and imaging of biological tissue affect
the upper sample surface exposed against the incident

like effect on the top of the milled structure and around the milled
area (b). After successive low ion current scans of the same region,
morphological distortions of the surface appear (c).

ion beam as well as affects side-walls during milling
operation. We describe the FIB induced artifacts as a
melting-like effect, a sweating-like effect, as morpho-
logical deformations, and as Ga* implantation.

In any case, a lot of significant images and useful in-
formation can be acquired by these FIB sustained pro-
cedures. First of all the quality of the cut can be appre-
ciated and the possibility of selecting polygonal (and
not simply linear) sectioning profiles is worth while
being mentioned.

The FIB—Sample Interaction Effects

In our samples, the damaged layer induced by ion
beam irradiation on gold coated surfaces of both, con-
ductively stained or unstained samples, is described as
a melting-like effect.

Microscopy Research and Technique DOI 10.1002/jemt
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Fig. 4.

a—d: Secondary electron micrographs of high ion current FIB milled cell (a, b) and of high ion

current FIB milled Pt protected cell (¢ — before FIB milling, d — after FIB miling). Note the differences in
the integritiy of the exposed intracellular regions (b, ¢). In (¢) Pt, platinum strip; M, microvilli.

As far as bright spots are concerned, Reiner et al.
(2004) report Ga* droplets as a result of FIB manipula-
tion and explain their formation as a result of material
redeposition. Also, there could be a reaction between
the gold coating and the Ga ion beam to form Au-Ga
phases and various Au-Ga intermetallics. A similar
effect has been well documented on FIB milling Cu
where Cu-Ga phases were identified (Phaneuf et al.,
2003). In our samples the bright spots were found also
on those cellular regions that appeared homogenous
(lipid droplets) before ion imaging. This indicates
either redeposition of the sputtered material or metal
redistribution due to the local heating of the poor ther-
mal conductive sample during FIB manipulation. No
bright spots were observed in non-conductively stained
FIB exposed and FIB imaged surfaces. Such samples
are considered as “metal poor” samples. Therefore the
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sweated-like pattern caused by Ga® ion irradiation
seems to be related to sample composition (metal con-
tent).

The most evident effects of FIB are morphological
deformations. Repetitive FIB scans with low (from
1 nA down to 300 pA) ion currents resulted in material
removal on the exposed layer and lead to morphological
deformation of the surface and subsurface structures.
The material removal correlates with the number of
successive FIB scan operations. At FIB milling, differ-
ences in sputtering rates at different points produce a
curtain-like effect on the milled side-walls. These are
easy to recognize and more evident at the bottom of a
milled trench/surface.

Another well studied FIB induced artifact is the im-
plantation of Ga* ions (Cairney et al., 2000b; Ishitani
et al., 1998; Reiner et al., 2004; Rubanov and Munroe,
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Fig. 5. a—d: Secondary electron micrographs of FIB exposed cell interior of conductively stained cells
before (a) and after (b, ¢) FIB irradiation (scanning). Backscattered electron micrograph of FIB irradiated

cell interior (d). <, bright spot-like deposits.

2003; Yu et al., 2006). To observe the FIB induced Ga*
implants, backscattered electron (BSE) imaging of
manually broken and FIB milled surfaces were com-
pared. It was expected that the significant Ga* implant
is recognized by different contrast on BSE images
when FIB manipulated and non-manipulated surfaces
are compared, since the intensity of the BSE signal is
mainly a function of the average atomic number of the
local area of the sample; therefore those parts of the
sample which contain metals are highlighted in con-
trast to the unstained background (Scrivener, 2004).
We found out that FIB manipulated and nonmanipu-
lated samples did not differ in contrast pattern when
imaged by BSE. However, we found significant differ-
ences in the intensity of BSE and SE signal that was
much better in FIB manipulated samples. We confirm
the results of other authors, that a small amount of

Ga* is implanted on the side-wall of a trench during
the milling process. They report both, the uniform or
nonuniform Ga* implantation pattern (Haswell et al.,
2003; Reiner et al., 2004).

Strategies to Minimize the Damage
of FIB—Sample Interaction

Our experimental results and those published in the
literature suggest that the side wall damage can be
largely reduced by using low ion current polishing mill
termed also “clean-up cut” (Cairney and Munroe, 2003;
Chaiwan et al., 2002; Ishitani et al., 2004; Rubanov
and Munroe, 2004). Milling at low currents can remove
the layer of damage left by high-energy ions. The
reduction of sidewall damage can be achieved also by
low-kV FIB polishing at the final step (Barna et al.,
1999; Boxleitner et al., 2001; Ishitani et al., 2004; Kato,

Microscopy Research and Technique DOI 10.1002/jemt
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2004; Lipp et al., 1995; Nebiker et al., 1997; Wang
et al., 2005).

The sample surface exposed against the incident ion
beam was reported to be successfully protected by
metal (Adams et al., 2006; Arnold and Bauer, 2003;
Reiner et al., 2004; Rubanow and Munroe, 2003) or car-
bon (Thompson et al., 2006) film deposited prior to FIB
operation. Our results show that the gold sputtered
film sufficed when small structures (~ 1 um) or shallow
trenches (~4 um deep, results not shown) are milled
with low beam currents; when a larger cell portion is
milled, a 1-2 um thick platinum strip was deposited on
the top of the area of interest to sufficiently protect the
upper sample surface from damage during the FIB
operations.

CONCLUSIONS

The development of TEM and SEM started at the
same time, but TEM reached its full potential for bio-
logical imaging almost 30 years earlier than SEM
(Pawley, 1997). An important reason for this delay may
be that the early SEMs accustomed the users to oper-
ate with a much higher beam voltage than it was nec-
essary to produce low-resolution images of biological
samples, thus stimulating the search for other techni-
ques. These were in many cases less suitable than the
optimized SEM for biological samples. Likewise, the
SEM users believe that scanning electron microscopes
are not suited for subsurface investigations and they
switch from using SEM to TEM, from one sample to
another from one scale to another, which may result in
losing important information. Perhaps also here, the
upgraded SEM that allows in situ controlled and pre-
cise sample manipulation is probably the optimal
choice for many imaging needs in biology.

The FIB milling or imaging of digestive gland cells
damage the upper sample surface exposed against the
incident ion beam and the side-walls of the milled
trenches. The major artifacts are described as a melt-
ing-like effect, morphological deformations or Ga* im-
plantation.

a. The melting like effect appears as a homogenous
bright cover over the ion irradiated (scanned) gold
coated surface or on FIB milled side-walls. We
explain the melting-like effect as a result of the tar-
get exposure to a high dose of ions that “strongly”
modify the surface.

b. Morphological deformations were observed on sur-
faces exposed against the incident ion beam after
FIB imaging or FIB milling.

c. Ga* implantation was detected indirectly by the
reduced charging effect and improved signal at BSE
and SE imaging. No structural deformations or
changes in compositional contrast due to Ga* im-
plantation were observed.

d. Sample preparation affected the FIB induced sweat-
ing-like effect. Bright spots were not observed after
FIB imaging of subsurface structures of not post-
fixed and not conductively stained samples.

e. The damage caused by incident Ga® ions was
reduced by the gold sputtered layer or by applica-
tion of protective Pt strip. The FIB milling artifacts
on the side-walls were reduced by low current
cleaning mill.

D. DROBNE ET AL.

f. The knowledge of the nature of induced artifacts and
the procedures to control and minimize them enable
us to produce high reliable morphological informa-
tion by FIB/SEM operations. Proof of that are the
high resolution images of ultrastructural elements
of cells, when major artifact control procedures are
applied.

g. Serial sectioning procedures, even along orthogonal
planes, and controlled etching of thin foil of materi-
als from the milled section are possible and help in
3D imaging of structures at scales of the order of
20 nm.

In conclusion, we believe that the same sample prepa-
ration method, FIB procedures and sample surface pro-
tection can be extended to other samples, cells or tis-
sues of biological and medical interest.
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