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INTRODUCTION

Atom probe tomography (APT) provides the highest spatial 
resolution (0.24 nm) and high analytical sensitivity (10 
appm) over meaningful sample volumes, and has a detection 
efficiency of 38%. Investigation by APT provides a three-
dimensional view of the internal structure of an object, 
quantitative information for hydrogen and lithium, and 
analysis of atomic clustering.
The current most common geometry is the local electrode 
atom probe (LEAP), which first appeared commercially in 
2002 (Kelly et al., 2004). It is named for the electrode which is 
positioned near a sample and, along with a position sensitive 
detector, forms an imaging system for ions emitted under 
voltage or laser pulsing. One version of this instrument, 
which fi rst appeared in 2005, had a focused small-spot laser 
beam with a 10 µm diameter at the target; it is now in its 
second generation with a <3 µm diameter beam (Bunton et 
al., 2007). There have been major increases in data-collection 
rates (now 5×106 atoms min-1), fi eld of view (3×104 nm2), and 

mass-resolving power (1,500). During the first 35 years of 
APT, only metals were studied because the specimens needed 
high electrical conductivity for shaping the electric fi eld and 
voltage pulsing of the evaporation rate. With the development 
of LEAP and the introduction of laser techniques, researchers 
have extended the analysis into a larger fi eld of applications 
such as semiconductors, ceramics, and organic and biological 
materials (Kelly & Larson, 2012).
Specimens for APT consist of a sharp needle with a tip of 
radius about 100 nm and a shank angle of 16o. This needle 
specimen geometry creates the high electric field necessary 
for fi eld-induced evaporation. A particular feature of interest 
for APT must be located near the apex of a sharp tip, and 
specimen preparation is then a critical step in a successful 
measurement. Needle-shaped specimens have been prepared 
by electropolishing (Kelly & Larson, 2012). However, for 
many applications beyond the nano and atomic scale, focused 
ion beams (FIB)-based site-specifi c specimen preparation is 
required. 
Here we report the specimen preparation method based 
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on FIB, describing general procedures as well as advanced 
applications to nanowires and nanopowders. We also 
introduce the arbitrarily rotation holders with moveable pin 
and an axial rotation manipulator to control the orientation 
of specimens. 

MATERIALS AND METHODS

We first deposited a selected metal coating on the sample 
surface by ion beam sputtering (IBS; South Bay Technology 
Inc., USA). Next, an atom probe sample was prepared by lift-
out techniques, using a dual-beam FIB (Nova Nanolab 600; 
FEI Inc., USA). The ion beam column in this instrument 
permits Ga+ ion beam milling at 5~30 kV. Lift-out techniques 
were performed using a piezoelectric manipulator made by 
Kleindiek (MM3A) installed in the FIB system. The free lift-
out specimen is positioned on a Si microtip by Pt deposition 
in the FIB. An array of Si posts (Micro Tip arrays, coupon; 
CAMECA, USA) (Larson et al., 2013) is also commercially 
available (Gault et al., 2012). This specimen is loaded on the 
chamber of atom probe equipment. An ultra-violet laser 
(wavelength, 355 nm) equipped with a laser-assisted local-
electrode atom probe (LEAP 4000× HR; AMETEK, USA) was 
employed for assisting the evaporation of SiO2 and providing 
a directionality of evaporated ions. The laser pulse repetition 
rate and laser power were 100 kHz and 200 pJ, respectively. 
The base temperature of the tip was reduced to 50 K during 
measurements. Three-dimensional reconstruction of APT 
data was performed using the analysis software (IVAS 3.6.6; 
AMETEK). We used an aluminum holder for holding the 
tungsten tip, which can be controlled to a full 360o rotation. 
A G-1 epoxy kit (Gatan Inc., USA) was used for sample 
preparation with nanoparticles. The standard ratio of 
hardener to resin of 1:10 is used, giving a hardening time 
of about 10 minutes at 120oC; hardening of the epoxy is 
indicated by a yellow to brown color change.

RESULTS AND DISCUSSION

Specimen preparation for APT must address several key 
points: adequate fi eld strength for fi eld-induced evaporation, 
a uniform field, and successful measurement-yield. First, 
a radius of curvature between approximately 50 and 150 
nm at the specimen apex is required. Second, the feature of 
interest needs to be within 100 nm of the specimen apex. 
Third, an appropriate shank angle of about 16o is needed for 
heat escape. Specimen preparation using FIB techniques is a 
good means of making a sharp needle bearing a sample and 
satisfying these requirements. 
Fig. 1 shows an example of typical specimen preparation 
for APT analysis, using Si microtip arrays. We used the SiO2 
with thickness of 200 nm on the Si substrate for specimen 

preparation of APT. In order to reduce the damage on the 
sample surface during FIB preparation, Cr and Ni layers are 
commonly used with a thickness of 100 nm by IBS. This 
protective layer must be carefully selected with considering 
the feature of interest, its adhesive property, and the surface 
structure of the sample. A region of interest (ROI) in the bulk 
sample was identified using scanning electron microscopy. 
We deposited platinum for protecting layer of the surface by 
e-beam irradiation (Pt-EBID) at a stage tilting angle of 0o 
and then by ion-beam irradiation (Pt-IBID) at a stage tilting 
angle of 52o, to form a layer about 3 µm wide, 20 µm long, 
and 300 nm thick on the ROI, as shown in Fig. 1A. The lift-
out technique has become a popular method of preparing 
transmission electron microscopy (TEM) specimens and 
these samples are commonly milled at 52o. For an APT tip, 
however, a stage tilting angle of 22o was required in this case 
to make a wedge-shaped specimen in Fig. 1B. This wedge 
shape is crucial for increasing the contact area between the Si 
fl at-topped surface of the post and the sample for Pt coating 
(Thompson et al., 2007). We lift out this wedge sample using 
a tungsten-tip manipulator and put it onto the Si post, as 
shown in Fig. 1C and D, respectively. The wedge sample and 
Si post are joined by Pt-IBID, as shown in Fig. 1E and F. A 
key point during the lift-out procedure is to position the 
ROI on the center of the Si post. Fig. 1G-I show an annular 
milling procedure, using a stage tilting angle of 52o, which 
means that the ion beam and the longitudinal tip direction 
are parallel each other. An acceleration voltage of 30 kV was 
used, and the outer diameter of the circle pattern generated 
by beam rastering was held at 6 µm. The inner diameter (ID) 
and beam current were changed in three steps, with different 
magnifi cations for the electron beam used for observation. In 
the fi rst step, the ion beam current was 3 nA and the annulus 
ID was 2.5 to 1.5 µm, and a magnification of 12,000× was 
used, as shown in Fig. 1G. For the second step, the ion beam 
current was reduced to 0.3 nA and the ID to 1.5 to 0.8 µm 
with a magnifi cation of 20,000× (Fig. 1H). In the third step, 
the ion beam current was 30 pA and the ID, 800 to 200 nm 
with a magnification of 50,000× (Fig. 1I). The ROC at the 
tip apex was under 100 nm. Final cleaning and sharpening 
of the tip was performed at a low acceleration voltage of 2 to 
5 kV at a stage tilting angle of 52o. Low acceleration voltages 
in the final step reduce the extent of Ga+ penetration and 
is able to control the shank angle (Kato, 2004). The crucial 
aim of the annular milling procedure is to position the ROI 
within 100 nm of the end. In some specimens, such as thin 
films consisting of various materials, the sputter properties 
of different regions can produce large differences. This often 
creates a nonuniform apex on the specimen, since the ROI 
is preferentially milled away depending on the sputter yields 
of different components. In this case, keeping the ion-beam 
energy low with a current of 30 pA at 10 or 20 kV helps 
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to make a good hemispherical apex (Felfer et al., 2012). 
We performed LEAP analysis in Fig. 1J-L with the SiO2 tip 
of Fig. 1I. The left image of Fig. 1J shows a typical three-

dimensional reconstruction image with volume of 41×34×33 
nm3. The cylindrical region with volume of 5×5×33 nm3 
was selected for chemical composition analysis in the 7 nm-
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Fig. 1. Scanning electron microscopic images of specimen preparation for atom probe tomography (APT) analysis. (A) Pt deposition on the region of 
interest by e-beam induced deposition. (B) Coarse milling at a tilting angle of 22o using a rectangular pattern. (C) Lift-out of a lamella. (D) Transfer of a 
lamella to the Si micropost. (E) Pt deposition for joining the lamella and Si micropost. (F) Original wedge shape of the lamella before annular milling. (G) 
Th e fi rst annular milling pattern. (H) Th e second milling pattern, producing a more tapered and narrowed end. (I) Th e fi nal tip shape after a 2 to 5 kV ion 
cleaning step. (J) Left: Typical three-dimensional reconstruction image with 41×34×33 nm3 from APT analysis of the SiO2. Right: Th e cylindrical region with 
volume of 5×5×33 nm3 was selected for chemical composition analysis in the 7 nm-sliced reconstruction image. (K) Th ree-dimensional atom maps of Pt, 
Si, and O. (L) One-dimensional concentration profi le of Si, O, Pt, Ga, and H through the cylindrical region in the right side of Fig. 1J. 
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500 nm

Fig. 2. Scanning electron microscopic 
images of a multi-layer thin film verti-
cally loaded on the Si micropost for 
the interface atom probe tomography 
analysis; before (A) and after (B) annular 
milling. ROI, region of interest.
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sliced reconstruction image in the right side of Fig. 1J. Fig. 
1K shows three-dimensional elemental maps of Pt, Si, and 
O, respectively. The Pt was deposited to protect the top layer 
of sample from Ga ion milling. The Si and O were uniformly 
distributed. One-dimensional concentration profile was 
obtained through the cylindrical region in the right image 
of Fig. 1J. The compositional ratio of silicon to oxygen 
was approximately 1:2, which was well matched with their 
stoichiometry. 
Thin fi lms are generally positioned in a plane vertical to the 

tip axis because the evaporation rates of the individual layers 
are different. There are some special cases, where there is weak 
adhesion, and the ROI must be in a plane parallel to the tip 
axis. The interface between layers is seen as a line (contrast 
difference) at the center of the specimen in Fig. 2.
Fig. 3A-F and 3G-I show the backside milling holder of 180o 
and a 90o rotation holder, respectively. We use a pin-type 
aluminum holder with tungsten tip attached. For backside 
milling, we first attached the cross-section specimen to the 
tungsten tip on the aluminum holder, as shown in Fig. 3A. 

A B

C

F

G

D E H

A B

C

F

G

D E H

Fig. 3. Sample holder with tungsten tip for changing the specimen direction to the backside and 90o. (A) An aluminum holder with a tungsten tip. (B) 52o 
tilting view of scanning electron microscopy (SEM) image, using the setup in Fig. 3A. Th e Pt layer is on the upper surface. (C) Pin is pulled to the front for 
overturning a holder, as shown in the yellow circle. (D) Th e opposite side of the aluminum holder of Fig. 3A. (E) SEM image of the specimen in Fig. 3D. Th e 
Pt layer is located on the lower surface. (F) axial rotation manipulator of CAMECA holder. (G) Tungsten tip is rotated by 90o, as shown in the yellow arrow. (H) 
Normal view of SEM image of the specimen setup in Fig. 3G. We deposited the Pt-EBID on the target area at a stage tilting angle of 0o for marking the region 
of interest.
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The deposited layer of Pt is originally on the top part in the 
initial stage, as shown in Fig. 3B. The pin is now pushed to 
reverse the orientation, as shown in Fig. 3C. The aluminum 
holder can be simply inverted to the backside orientation by 
changing the pin direction. Fig. 3D shows the opposite side 
of Fig. 3A after changing pin orientation. The deposited layer 
of Pt is located on the bottom for backside milling through 
turning the holder upside down, as shown in Fig. 3E. Fig. 
3F-H shows the 90o rotation of the holder, changing the 
direction of the tungsten tip with the cross-section specimen. 
The specimen lifted out from the bulk sample is positioned at 
the end of the tungsten tip on a 90o rotation holder, as shown 
in Fig. 3F. The specimen attached at the end of the tungsten 
tip can be easily rotated to a 90o with this holder, as shown in 
Fig. 3G. We were able to observe the ROI region in the cross-
section and deposited the Pt by EBID method on the ROI 
region, which is marked “Pt-EBID”, as shown in Fig. 3H. 
The technology of FIB-based specimen treatments has 
dramatically improved. However, APT sample preparation is 
still especially challenging for nanowires and nanoparticles. 
Only a few papers demonstrate procedures for nanowires 
(Allen et al., 2008; Blumtritt et al., 2014; Eichfeld et al., 2012; 
Lauhon, 2009; Perea et al., 2006); we will briefly describe 

such preparation methods here. A manipulator is employed 
to detach a nanowire from a substrate, as shown in Fig. 4A-
C. For an APT investigation, we choose a nanowire with a 
diameter under 100 nm, and then fi x an end to the tungsten 
tip by Pt-EBID. The nanowire is subsequently pulled out from 
the substrate. The end of the nanowire is cleaned with a low 
accelerating voltage of 2 to 5 kV. In this case, it is necessary to 
maintain a good alignment of the tungsten tip and nanowire. 
There are some approaches for making an atom probe 
(AP) specimen with nanopowder, such as the atomic 
layer deposition method (Larson et al., 2015) and electro-
deposition (Felfer et al., 2015). In powdered material, there 
are many pores for making an AP wedge sample using large 
particles, as shown in the cross-sectional image of Fig. 4D. As 
an alternative, we describe here a method using G-1 epoxy 
resin, which is commonly used in TEM specimen preparation. 
This resin forms a very thin glue fi lm and is very hard after 
polymerization. It is also stable under electron and ion beam 
irradiations. We embedded nanoparticles in G-1 epoxy resin, 
and the encapsulated nanopowders were cured at ~60oC 
for 1 hour, after which they are easily handled and milled to 
prepare an APT specimen, as shown in Fig. 4E and F. The 
sampling procedure after embedding by epoxy resin is same 

A B C

D E F

Fig. 4. Scanning electron microscopy (SEM) images of a pick-up method for nanowires and an embedding method for nanopowders. (A) Nanowires grown 
on a substrate with 45o elevation. (B) A nanowire is contacted to the tungsten tip by electron beam induced platinum deposition. Th e longitudinal axis 
of the tungsten tip and the nanowire should be parallel. (C) SEM image of the nanowire attached on the tungsten tip. (D) Th e cross-sectional image of a 
coarse powder with pores. (E) Normal view of SEM image of the nanopowder sample, which is embedded in G-1 epoxy resin. (F) Th e cross-sectional SEM 
image of the nanopowder embedded in expoxy resin, which is available general specimen preparation.
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as the general FIB-based sample preparation in Fig. 1.

CONCLUSIONS

In three-dimensional reconstruction from APT data, the 
quality of the APT specimen becomes a limiting factor. In 
this work, we demonstrated a general procedure to fabricate 
APT specimens with a FIB-based method, using bulk 
samples, multi-layer thin fi lms, nanowires, and nanopowders. 
There are general requirements for specimens for successful 
APT measurements. Firstly, the radius of curvature at the 
specimen apex must be in the range from approximately 50 
to 150 nm. Secondly, the feature of interest (ROI) must be 
within approximately 100 nm of the specimen apex. Thirdly, 
an appropriate shank angle of about 16o is needed for heat 
escape. In the general FIB procedure we describe, the key 

point during the lift-out procedure in specimen preparation 
from a bulk sample is positioning of the ROI on the center of 
the Si post. In shaping the specimen tip to achieve the needed 
radius of curvature, annular milling is used and the ROI 
is also set within 100 nm of the top end. We described the 
arbitrarily rotation holders with moveable pin and an axial 
rotation manipulator for changing sample direction to the 
backside and perpendicular direction. The lift-out specimen 
can be easily rotated using these holders. We also described a 
pick-up method for samples prepared from nanowires, and 
an embedding method for nanopowders.
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