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Abstract 
Atom probe technique (APT) is a microscopic technique that can achieve extremely high 
spatial resolution (0.3nm). In the last decade or so, APT has undergone great changes. 
The new hardware configuration has greatly simplified the technology and improved the 
data acquisition rate. In addition, a new method was developed to make more suitable 
samples with new materials. The application of APT has been extended from structural 
metals and alloys to multilayer films, dielectric films, semiconductor structures, devices 
and ceramic materials on planar substrates, and its application is still expanding. In this 
paper, the development status of micro-atomic probe technology is summarized, with 
emphasis on the development process and future application of this technology. 
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1. Introduction 

"Wheel, fire, microscope." This was put forward in a conference related to nanotechnology [1], in 
which researchers put forward the role of microscope in current scientific research. Microscope has 
played a great role in promoting the development of science and technology. The length scale of 
human knowledge and efforts is directly related to the observable scale of our microscope. For a long 
time, researchers have been speculating our reality beyond the scope of human observation ability, 
but the actual development always needs observation. For example, Greek philosophers assumed the 
existence of atoms, but it was after the 25th century that atoms were first observed by modern 
observation technology. Microscope is no less important to human survival and progress than 
machinery and chemistry, so the idea of "Wheel, fire, microscope." was put forward. 

In the early stage of nanotechnology development, we have developed scanning tunneling microscope 
(STM) and transmission electron microscope with a resolution of 0.02nm. However, an ideal 
microscope can show the positions and types of all atoms in the sample that users want to see. So far, 
this goal has not been achieved, but today's atomic detectors are close to this ideal. In this paper, the 
development status of micro-atomic probe technology is summarized, with emphasis on the 
development process and future application of this technology. 

2. Technical Background 

2.1 Field Emission Microscope 

In 1928, according to Oppenheimer's calculation of the time required for atom ionization in vacuum 
[2], Fowler and Nordheim [3] put forward a solid electron emission theory using quantum mechanical 
tunneling effect. In 1935, Müller proposed a new microscope, in which a needle sample was placed 
in front of the fluorescent screen. When an appropriate negative voltage is applied, the field electron 
emission image of the sample is produced on the fluorescent screen [4]. Due to the enhancement of 
magnetic field, the field strength of 1-10V∙nm-1 can form a voltage of thousands of volts on a needle 
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tip with an end radius of about 1 μm. The image produced by the field emission microscope has a 
spatial resolution of 2 nm, and contains crystallographic and electronic work function information. 

2.2 Field Ion Microscope 

FIM is a fundamental development of field emission electron microscope [5]. In October 1955, 
Miller's new microscope successfully imaged atoms for the first time and made four different 
improvements [6]. That is, change the polarity of the sample from negative potential to positive 
potential, introduce image gas into the system, cool the sample to low temperature, and sharp needle 
sample. The design and operation of the field ion microscope are very simple. The basic operation is 
to install a sharp needle on the cryogenic cooling stage in the ultra-high vacuum system. A large 
amount of helium or neon image gas is introduced into the system, and the gas pressure is 1×10-
5mbar. The device mainly records the gas trajectory. Slowly increase the positive voltage on the 
sample. When the voltage on the sample increases, the image gas atoms near the apex of the sample 
are polarized and attracted to the sample, where they are partially thermally adapted to the low 
temperature. When the voltage on the sample increases to generate a sufficiently high magnetic field 
(30-50V/nm), the image gas atoms on the surface are ionized by the field, which requires the needle 
sample to be used, and the generated ions are projected onto the fluorescent screen about 50 mm in 
front of the sample. The field image of ions is the result of field ionization of gas atoms on a single 
atom on the surface of the whole vertex region of the sample. By further increasing the field on the 
sample, the surface atoms themselves can be ionized by the field and evaporated from the sample. 
Therefore, the in-situ evaporation process can remove any surface film or damage produced in the 
sample preparation process, and allow inspection of the sample interior. Gomer's pioneering work on 
field emission and field ionization is a classic work in this field [7]. Nowadays, placing the 
microchannel plate image intensifier directly in front of the fluorescent screen can not only increase 
the gain by about 1000 times, but also convert the incident ions into electrons, thus more effectively 
exciting the fluorescent screen. 

2.3 Atomic Probe Field Ion Microscope 

In 1967, Müller et al. [8] introduced the atom probe field ion microscope (APFIM) in order to identify 
the atoms imaged in the field ion microscope. Atomic probe is a combination of field ion microscope 
and mass spectrometer. The small hole in the center of microchannel plate and fluorescent screen is 
used as the entrance hole of mass spectrometer and defines the range of the area to be analyzed. 
Sometimes, einsel lens is used between fluorescent screen and detector to focus the divergent ion 
beam on the detector. Install the sample on the goniometer to select all points or atoms on the surface 
of the sample for analysis. In atom probe, a circular counter electrode several millimeters away from 
the sample is usually used to define the field. In most types of atom probes, ions move in the field-
free region after passing through the counter electrode hole. Although single atoms can be analyzed, 
atom probes are usually used to collect atoms from small cylinder volumes, in which the diameter of 
the cylinder is determined by the effective size of the aperture. Although the magnetic sector mass 
spectrometer was used in early atomic probes [9], the time-of-flight mass spectrometer has been 
widely used in atomic probes. In addition to the inherent simple design, the main advantage of the 
time-of-flight mass spectrometer is that it is equally sensitive to all elements, and can be accurately 
identified when the ion energy is greater than 3keV, and it does not need prior knowledge about the 
ion type or composition when it is used. 

2.4 Pulsed Laser Atomic Probe 

Most atomic probes use voltage pulse field to evaporate atoms in the sample. However, only when 
the conductivity of the sample is greater than 102S/cm, the pulse effect is better, which limits the 
application of voltage pulse atomic probes to metals. In 1970s, researchers studied the laser photolysis 
(laser pulse) of molecules adsorbed on the surface of field ion samples [10-14]. This work put forward 
the concept of using short-time laser pulse focused on the top of the sample to induce field evaporation 
under the static voltage on the sample. Tsong [11]described the experiment of pulsed field 
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evaporation of tungsten in laser pulsed field ion imaging mode, and determined many advantages of 
pulsed laser field evaporation for atom probe operation. Kellogg and Tsong [15] reported the first 
time-of-flight data (PLAP) of pulsed laser atomic detector and concluded that the mechanism was 
due to heat-assisted field evaporation. They also show that pure silicon can be pulsed evaporated in 
PLAP. Pulsed laser atomic probe is usually used to analyze high resistivity materials such as 
semiconductors. Laser pulse has an additional advantage that the energy shortage found in voltage 
pulse does not exist. This makes it possible to achieve high-quality resolution without energy 
compensation devices. 

Although laser pulse has many advantages, this technology has basically disappeared in the 
development of active atom probes since 1990s. Mainly related to the extra cost of the laser, the 
difficulty of realizing and maintaining the laser alignment and the operating parameter range of 
obtaining the correct sample composition. Since 2002, with the advantages of laser pulse technology, 
the progress of laser technology and the combination of the demand for semiconductor and insulating 
material analysis, this route has become more attractive and the related research has become active 
again. 

2.5 Three-dimensional Atomic Probe 

Because of the small acceptance angle of the mass spectrometer, the atomic probe field ion 
microscope described above is very inefficient in analyzing the sample size. Therefore, some new 
atomic probe variants are gradually developed to overcome this limitation. Panitz [16,17] developed 
a 10cm atomic probe, now called the imaging atomic probe (IAP). The imaging atom probe uses a 
pair of spherical curved channel plates and fluorescent screen, which are located 10–15cm in front of 
the sample, so that the flight distance from the sample to all points on the detector is the same. This 
single ion detector can be powered on instantly, and only a small range of ions in the flight time, that 
is, the single mass state-of-charge ratio, can be recorded. Panitz uses a gating program to detect 
different elements. As long as the types of elements to be detected are known in advance, two-
dimensional diagrams of solute distribution of different elements can be obtained. Because it is 
difficult to quantify the concentrations of different elements at the same time, the instrument does not 
play an important role in metallurgical or semiconductor applications. However, the instrument has 
made great contributions to the study of charge state distribution, orbital distortion and biomolecular 
shape imaging. 

In 1980s, a series of new atomic probes were developed, which ushered in a new era in the history of 
atomic probes. Because these instruments generate three-dimensional images of the internal structure 
of samples from multiple slices (each slice contains several atoms), this technology is called atom 
probe tomography (APT). When the atoms on the surface of the sample field evaporate one atom at 
a time and then fly to the two-dimensional position sensitive detector, their hit positions in the X and 
Y directions are recorded. Each atom on the surface gradually evaporates and exposes the bottom 
layer. The atomic click sequence on the detector can be used to track the continuous evaporation of 
atoms in a given layer and the continuous evaporation of each layer, and reconstruct a three-
dimensional image from the combination of two-dimensional hit position and field evaporation 
sequence. 

3. Application 

Comprehensive texts on field ion microscopy, atomic probe and atomic probe tomography have been 
published in other places. This section mainly introduces the application of APT in the research of 
metals, alloys and other types of materials. 

3.1 Multiphase Materials 

Due to the technical importance of nuclear reactor pressure vessels, atomic probe tomography 
technology has been widely used to study the steel used in nuclear reactor pressure vessels [18]. Due 
to the interaction between solute in steel container and vacancy and other products generated by 
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incident neutrons, these materials become brittle in use. Atom probe chromatography shows that there 
are many reasons for this embrittlement, including ultrafine copper-rich precipitation, phosphorus 
cluster, dislocation and grain boundary segregation. 

Many different kinds of nickel-based superalloys have also been characterized by atomic probe 
tomography [19-21]. These studies mainly focus on the distribution of alloying elements among 
different phases, the solute concentration distribution at interphase interface and grain boundary, and 
the position occupation of solute additives in ordered phases. For example, atomic probe tomography 
has been used to identify the most common precipitates in nickel-based superalloy 718 [22]. 

3.2 Analysis of Dislocation 

In most materials, due to the small dislocation range and low dislocation density, the segregation of 
solute dislocation is one of the most difficult microstructure features to characterize [23-25]. At 
present, some APT characterization of dislocation has been done. In order to improve dislocation 
density, these studies are mainly applied to cold working, mechanical alloy materials and neutron 
irradiation materials. One example is Blavette et al. obtained the dislocation of boron segregation in 
B2 ordered Fe-Al alloy [26], and other examples include dislocation segregation of phosphorus and 
carbon in neutron irradiated pressure vessel steel [24], and dislocation segregation in ferrite steel [27] 
and low carbon steel strengthened by mechanical alloying oxidation diffusion [28,29]. 

3.3 Multilayer Film 

Multi-layer structure has many uses in information storage technology. They can be used in storage 
media, read/write components in hard disks, magnetic memory structures, etc. These materials have 
attracted a lot of attention from atomic probe tomography practitioners [30]. In addition, the 
researchers also studied the films deposited on prefabricated (usually metal) needles [31]. Some 
researchers have done basic research on phase stability and interdiffusion [32-34]. 

There is an excellent match between the advantages of atomic probe technology and the requirements 
of this application field. The ability to describe the buried interface synthetically in 3D images is the 
key. The performance of the devices made of these thin film structures depends not only on the 
chemical mixing or diffusibility and morphological roughness at the buried interface, but also on 
parameters such as interface segregation and uniform layer thickness. Atomic tomography provides 
the information of all these parameters. 

In the past few years, the preparation method of flat top samples of metal films has been widely used. 
Up to now, atomic probe research has answered many basic questions about metal thin films, 
including the origin of asymmetric interface diffusion in Cu/CoFe layer [35], the reason for smooth 
rough interface during layer growth [36], and the role of oxygen in sputtering gas in giant 
magnetoresistance (GMR) [37]. 

4. Advantages and Disadvantages 

4.1 Advantages of APT as Analytical Technology 

APT has three mutually coupled features, which make it stand out in analytical instruments: nano-
scale three-dimensional component imaging analysis of buried features and high analytical sensitivity. 
As an analysis technology, APT has unparalleled spatial resolution. By using a synthetic imaging 
mode provided by many scientific instruments, the characteristic signals are analyzed point by point 
in space. The spatial resolution of this kind of image is the technical resolution when operating in the 
focused probe mode, among which the technology with the highest spatial resolution is scanning 
transmission electron microscopy (STEM), which can provide a resolution of 1nm from the side of 
X-ray emission and the lateral resolution of electron energy loss is as low as 0.2nm. These images 
are integrated by a sample with a thickness of about 10nm, and APT can achieve a resolution of 0.3nm 
in X, Y and Z directions. Because it is a three-dimensional technology, APT is good at analyzing the 
internal features of samples. These features include one-dimensional features such as dislocations, 
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two-dimensional features such as layers and interfaces, and three-dimensional features such as 
precipitation. 

4.2 Limitations of APT as an Analytical Technology 

In view of the excellent characteristics of APT, it is easy to think that APT is an ideal microscope for 
nano-scale work. However, all analytical techniques have their limitations, and it is important to look 
at the limitations of APT correctly. The following will briefly introduce its limitations. 

4.2.1 Sample Preparation 

This field is still in its infancy. Many innovative methods of needle specimens have been developed, 
and they will continue to play a role. The future of sample preparation for atomic probe tomography 
is microprobe, and methods and tools for making these samples quickly and automatically are being 
developed. The main advantages of microprobe preparation are small volume of required materials, 
large amount of parallel processing, uniform shape and position, easy to obtain thin films on the 
substrate and low invasiveness to samples. These advantages may be very important when trying to 
analyze the structure of complex materials for the first time. For complex materials, it is sometimes 
necessary to overcome a learning curve. The more unified and more skills, the easier it is to obtain 
high-quality data. 

4.2.2 High Mechanical Stress 

When the atomic probe works, the mechanical stress in the sample near the vertex is close to the 
cohesive strength of the material [38]. In the atomic probe, the sample fracture is common, and when 
there are weak links, such as weak transverse interfaces or layer or surface gaps, data may not be 
obtained. The stress in the sample increases with the square of the applied electric field, so the low-
field operation of atomic probe can reduce this effect. Wide-field atomic probe uses a lower average 
field at the apex of the sample, which is less likely to cause the sample to break in principle. 

4.2.3 60% Detection Efficiency 

The ideal nanoscale microscope can detect all atoms, and today's atom detectors can only detect 60% 
of high-energy ions hitting them by using microchannel plates [39]. The higher the detection 
efficiency, the better. Improving the detection efficiency is the future research direction. By placing 
an offset grid in front of the microchannel plate to drive secondary electrons into the plate, the 
detection efficiency can be improved to over 72% [40]. The disadvantage of this method is that the 
grid shadow will be superimposed on the data and the overall background noise will increase. 

5. Summary and Prospect 

If nanotechnology is to flourish, industrial tools, including tools for manufacturing nanostructures 
and microscopes for observing nanostructures, must be available. While various types of microscopes 
are needed, the position of atomic probes is unique to meet the key requirements of the finest scale. 
In order to realize this promise, useful knowledge must be obtained directly from atomic detectors. 

Up to now, atomic probe has played a great role in materials science and metallurgy, greatly 
promoting the research of dislocation and segregation in metals, and also playing a great role in the 
research of high conductivity materials, multilayer films, organic materials, metal/oxide layered 
structures, etc. However, there are still some limitations including low material preparation and 
efficiency. 

The basic technology of atomic probes needs to be improved to reduce the learning curve of operation 
and analysis. If this technology can provide value at all stages, from university research and 
government laboratories to research and development laboratories of business problems, and finally 
to process monitoring of business problems, then this technology will have a logical progress. In this 
process, the demand for speed and reproducibility is increasing, and the particularity of its purpose is 
also increasing. This progress needs market-driven development efforts to a large extent, and the 
degree of its approach to the end point will be an important yardstick to measure our progress in 
manufacturing practical microscopes for nanotechnology. 
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