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The 3-dimensional atom probe is based on field ion microscopy where the screen is replaced by a 

2-dimensional, position sensitive detector. Atoms were removed from a conducting sample by a high 

voltage pulse. The time of flight reveals their chemical nature, and continuous stripping allows lateral and 

in-depth analysis. The spatial resolution permits a chemical analysis on the sub-nanometer scale. Results of 

this new technique are presented for (i) the initial stages of interdiffusion at the boundary between two 

metals, (ii) P-segregation at grain boundaries in nanocrystalline Ni-P alloys, (iii) initial stages of nucleation 

and growth in various alloys, (iv) composition ofthin oxide films in TMR-structures, and (v) distribution 

of hydrogen in metallic multilayers. It will be also shown that the new technique not only allowed a 

characterization on the atomic scale but verified and/or falsified existing models for the examples given 

before. 
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INTRODUCTION 

The purpose of the present paper is to summarize recent results 

which were obtained by a 3-dimensional or tomographic atom 
probe (Refs. [ I , 2] ) . It is based on field ion microscopy where the 

screen is replaced by a 2-dimensional, position sensitive detector. 

Thus the lateral coordinates of atoms which were removed from a 

conducting sample by a high voltage pulse can be determined. The 

time of flight reveals their chemical nature, and continuous 

stripping allows in-depth analysis. In order to obtain the necessary 

electric fields for removing and ionizing atoms, the sample has to 

be prepared as a tip with a radius of curvature which is less than 

50nm. This analytical tool has been available for about two 

Figure 

lO l]m 

l Positions of Ag-atoms in Ag-sample revealing dense packed 

( I I I ) -planes 

decades and it provides data about the chemical nature of atoms 

and their position within a typical volume of 15 x 15 x 100nm 

with a lateral resolution of about 0.3 nm and a depth resolution of 

better than 0.1 nm. Thus dense packed lattice planes are often 

resolved by the technique as shown in Figure I . 

Compared to other techniques with atomic resolution like high 

resolution transmission electron microscopy (HREM) and/or 

scanning tunnelling microscopy (STM) the atom probe yields real 

3-dimensional data and quantitative results regarding the chemical 

composition of a sample. This advantage is counteracted by the 

difficult sample preparation and the limitation of conducting, i,e. 

metallic, samples. With the availability of dual beam focussed ion 

beams the matter of preparing tip shaped sample has become much 

easier. 

2 RESULTS AND DISCUSSION 

2.1 Nucleation and growih 

The tomographic atom probe allows determining the composi-

tion of nuclei as small as I nrn in diameter. An example is shown 

in Figure 2 for a Cu-0.7 at.-o/o Fe alloy which was quenched into 

a homogeneous state and then annealed 803 K for 5 min (for 

details see Ref. [3]). At this temperature the Fe-content is above 

the solubility and according to the phase diagram and the classical 

nucleation theory a nucleus with a composition close to pure iron 

should form. However, there are regions in the sample where the 

composition is much smaller (cf. Figure 2) . At the initial stage of 

nucleation the precipitates are usually coherent which can be 

revealed in some favourite cases as presented in Figure 3 for a 
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C.u-0.7 at.-o/o Ti alloy annealed at 623 K for 30 days (Ref. [4]). 

This sample formed Cu3'Fi precipitates in agreement with the phase 

diagram. The morphology of the precipitates is immediately 

obvious in an atom probe analysis as shown in Figure 4 for a 

Cu-Be alloy. A striking example of morphological changes has 

been shown for the first time by the atom probe in the Cu-Co 
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Distribution of Fe-atoms in a Cu-0.7 at.-~/" Fe alloy which was 

quenched into a homogeneous state and then annealed at 803 K 

for 5 min. One dimensional concentration profiles can be 

obtained in all directions, i.e. within the cylinders shown (a) . 

The profile presented in b) is determined in the direction ofthe 

arrow shown in a) . 
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system (Ref. [5] and Figure 5). Despite numerous investigations 

conducted on the Cu-Co system, motivated by its interesting 

magnetic properties. the formation of cylindrically shaped 

Co-precipitates was overlooked. One reason for this may be that 

the contrast of Cu and Co is very weak in HRF.M. In addition, the 

cigar shaped Co-particles form in narrow windows of annealing 

time and temperature only. It was shown in Ref. [5] that the long 

axis of the precipitates is in the mechanically soft [ 1 1 O] direction. 

A detailed compositional analysis of the cylindrical precipitates 

revealed a pronounced and periodic modulation of the 
Co-concentration and, therefore, it was assumed that the fonnation 

of a new nucleus occurred preferentially in the [ I I O] direction. 

Because of the pronounced anisotropy of elastic constants of 

copper there is an attractive elastic interaction between precipitates 

along the r I I O~ direction. 

2.2 Interdiffusion and interreaction at the boundary between 

two metals 

In order to study the initial stages of interdiffusion or phase 

formation at the boundary between two metals, a special sample 

preparation technique has been developed (Ref r6] ) . Tungsten 

Annealed at 490 'C 

[1 oo] 

Figure 3 

Figure 
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Positions of Cu-atoms (_~rey) and Ti-atoms (black and enlarg~ed 

for clarity, in a Cu~Ti precipitate in a Cu-0.7 at.-~6 Ti alloy 

annealed at 623 K for 3 O days. The (1 1 1 ) Cu planes are going 

through the precipitate and, therefore, it has to be coherent. 
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4 Position of Be-atoms in a Ni-12 at.-0/~ 

shaped precipitates can be observed. 

Be allov. Plate-like 

5 Position of Co-atoms in a Cu-2 at.-o/o Co alloy after annealing 

at the given temperature and time. Cylindrically shaped 

Co-precipitates form around 90 min and disappear a few 

minutes later. 
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Sputtering apparatus (schematically). for cleaning tungsten tips 

by an ion argon gun (position 1) and depositing thin films onto 

the tip by sputtering from one or several targets (position 2) _ 
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tips were used as substrates, sputter cleaned in UHV and then 

covered with metal films by sputtering from a target (cf. Figure 

6) . This way double and multi lav_ ers could be produced in a clean 

way. It was essential to remove the natural oxide from the 

tungsten; otherwise the deposited metal films would not adhere 

properly and ~vould be delaminated in the high electric f~1elds 

during atom probe analysis. 

It could be shown that the reaction between adjacent metals was 

very much controlled by the microstructure. In the presence of 

grain boundaries, diffusion occurred predominantly along the 

boundaries (cf. Figure 7 for silver reacting with aluminium) . 

Boundaries became wetted this way and new phases fonned in 

them. In the absence of grain boundaries sometimes new phases 

formed as closed layers at the border between the two metals (Ref. 

[7] ) . But in other cases isolated nuclei fonued and grew by 

transport along their newly formed phase boundaries. A dense 

layer formed then by coalescence of all these particles (Ref. L8] ) . 

2.3 P-segregation at grain boundaries in nanocrystalline 

Ni-P alloys, 

Nickel-phosphorus alloys with varying P-content between I and 

30 at.-o./o can be easily produced by chemical or electrochemical 

deposition from a solution. This way wear and corrosion resistant 

coatings are prepared in industry. It can be shown by X-ray and 

TEM analysis that alloys containing more than 1 5 at.-~/o P are 

amorphous whereas the ones with a lower P-content are 
nanocrystalline. It has been proved by 3-dimensional atom probe 

analysis of nanocrystalline Ni-~_ .6 at.-9/0 P and -5.9 a.-o/~ p (Ref. 

r9] ) that the P-atoms are predominantly sitting in the grain 

boundaries. An example of the resulting inhomogeneous distribu-

tion of P-atoms is presented in Figure 8. In Figure 9 two slices 

Figure 7 Position of Al-atoms (light grey) and Ag-atoms (dark grey) at 

the interface between the two metals after preparation by 

sputtering (1eft picture)_ . The right picture reveals an 

interdiffusion of Al-atoms along the grain boundaries of silver 

after 1 5 min, at I OO'C . No grain boundarv. was present in Al 

and, therefore, the reverse case of Ag-atoms diffusing into the 

grain boundaries of Al is not visible. 

from the analysed volume which are I nm thick, I O nm wide and 

1 70 nm long and which are perpendicular to each other intersect-

ing in the middle of the analysed volume ( I O X I O X 1 70 nnf) the 

position of all the grain boundaries can be envisioned by present-

ing the P-enrichment. This way an average grain size was 

determined in excellent agreement with the broadening of Bragg 

peaks and TEM-result.s. The P-concentration in all grain bounda-

ries was rather constant with an excess of about I Mol-P/nf . 

Within the grains the P-concentration was reduced to about l 

at.-o/o. From a simple balance it could be shown (Ref. [9] ) that 

Figure 8 

Figure 

Distribution of P-atoms in a nanocrystalline Ni-3.6 at.-o/o P alloy 

( 10 X I O X 60 nm*) . P-atoms segregate as 2-dimensional struc-

tures which are presumable grain boundaries (cf Figure 9) . 

(a) (b~ (e) 

9 Left: varv_ing P-concentration in a nanocryst~alline Ni-3.6 at.-o/o 

P alloy presented in two perpendicular slices of the analysed 

volume (cf. text:) . Right: Iines representing enrichment of 

phosphorus at grain boundaries. Thus the grain size can be 

compared with results obtained from analysing the broadening 

of X-ray diffraction peaks. 
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the grain boundary area increased with increasing P-content of the 

alloys or the grain size decreased, respectively. At 1 5 at.-o/o P it 

became less than 2nm, i.e. below the detection limit of 

crystallinity by X-rays. Thus with increasing P-content more and 

more grain boundary regions had to be generated on the expense 

of grain regions, in order to accommodate the P-atoms. Finally, 

above 1 50/0 mostly all of the grain regions were consumed. 

By annealing the nanocrystalline Ni-P alloys it tumed out that 

they were rather stable with respect to grain coarsening. 

Remarkable grain growth was observed above 400 'C, only, 

whereas pure nanocrystalline Ni coarsens around 200 'C . In the 

light of Gibbs analysis (Ref. LIO] ) this effect was explained as a 

thermodynamic stabilization induced by grain boundary segrega-

tion (Ref. L 1 1 ~ ) . Gibbs concept developed for surfaces and grain 

boundaries was recently extended to other defects and segregation 

of solute atoms to these defec.ts (Ref. [ 1 2] ) . This way the analysis 

of a special alloy provided insight to a rather general behaviour of 

the defect-solute interaction. 

2.4 Thin oxide films in TMR-structures 
Tunnelling magneto-resistance (TMR:) structures are currently 

discussed as possible non-volatile memory devices. They are 

tri-layered structures with a thin ( I to 2 nm thick) oxide layer in 

between two magnetic materials. Because of spin polarized 

tunnelling of electrons through the oxide the resistance depends on 

the magnetic polarization of the adjacent mab"netic films. An 

example of a cobalt/aluminium oxide/permalloy TMR-structure as 

it was analysed with the 3-dimensional atom probe is presented in 

Figure I O (Ref. [ 1 3] ) . Despite the fact that aluminium oxide is an 

isolator and atom probe analysis is not possible with isolating 

materials, we succeeded in this case. Most probably charge 

transfer through the oxide, which is a requirement for removing 

atoms as ions from the sample tip, occurred by tunnelling in this 

case. For an oxide thickness above '- nm higher voltages had to be 

applied to the tip and the sample fractured at the metal oxide 

w 

interfac e . 

Although the oxide was very thin, the atom probe analysis gave 

the expected composition of Al,03 . At the interface some 

intermixing occurred and even within the oxide iron and nickel 

from the perrnalloy were detected (cf. Figure 1 1 ) . 

2.5 Distribution of hydrogen in metallic multilayers 

Hydrogen is very mobile in most metals and, therefore, it is able 

to be distributed in metallic multi layers at room temperature. For 

FeN-multi layers it has been shown by nuclear reaction analysis 

that hydrogen is accumulating in the vanadium layers (Ref. [14] ) . 

This is in agreement with the thermodynamic properties of the 

corresponding metal-hydrogen systems with vanadium having the 

higher aff~mity to hydrogen. However, V-layers with less than I nm 

thickness contained no hydrogen. This effect was explained by a 

so called "dead layer" at the V/Fe-interf'ace due to "Fe-1ike" 

electrons spilling into vanadium and, therefore, reducing its 

aff"mity towards hydrogen. However, our atom probe analysis 

revealed (Ref. [ 1 5~ ) that not electrons but atoms were intermix-

ing at the interface as shown in Figure 1 2. Instead of hydrogen 

deuterium was used because of a lower background signal. As 

deuterium behaves chemically like hydrogen no different results 

could be expected. 
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l I Concentration profile across a buried oxide layer of aluminium 

in between a Co-layer and permalloy ( 8 09･~ Ni and 200,~ Fe) 
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Figure I O Atom distribution through a TMR structure deposited on a 

tungsten tip (upper part in the left hand picture:) . Adjacent to 

W followed a layer of pennalloy (Ni and Fe) on top of that 

was an aluminium oxide layer of about 2 nm thickness. And 

finally a C0-1ayer was placed on top of the oxide. A compo-

sitional profile across this multilayered structure is shown in 

Figure 1 1 . 

Figure 

10 

12 Concentration profile through FeN-multi layers and a Pd-cap 

(:left, used for easy deuterium doping), . Deuterium is enriched 

in the V-layers but avoids the regions of intermixing between 

Fe and V. 
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3 CONCLUSION AND OUTLOOK 
The examples presented in c.hapter 2 reveal the enormous 

potential of an atom probe analysis. Although the nurnber of 

laboratories using a 3-dimensional atom probe is increasing - with 

presently about I O worldwide, the grovi'th rate is rather small. 

There may be three reasons inhibiting a i'aster growth. First. the 

technique requires some experience in field ion microscopy. 

Second, it is restricted to conducting materials which are mostly 

metal and their alloys. Third, sample preparation is rather tedious 

as it is done by conventional electrochemical thinning which 

requires a lot of trial and error procedures. 

Figure 

i
)
 

13 Focussed lon Beam procedure for the preporation of a strip 

from a Cu-bicrystal doped with 50 atppm of Bi. a) the ~19a 

grain boundary is protected with a Pt=1ayer and material is 

removed by ion milling above and below the boundary 

leaving a slice of the bicrystal, b,) a strip is cut out of the slice 

by the ion beam and attached with platinum to the micro-

manipulator, c), and d) the manipulator removes the strip and 

transports it to a blunt tungsten tip, e) the strip is welded to 

the W-tip by Pt-deposition and the manipulator is separated 

by the ion beam, e) top-view of the composite. In a following 

step the strip can be sharpened with the ion beam (cf. Figure 14). . 

Recent developments show that the second and third obstacle 

may be overcome rather easily. Regarding the second case, atom 

removal from tips can be achieved by laser pulses instead of high 

voltage pulses (Ref. [1611 ) and, therefore, samples could be 

isolators as well. The third problem can be solved by using a 

focused ion beam apparatus, where any sample shape can be 

produced by ion milling. This technique allows picking up certain 

regions of a sample and conducting an atom probe analysis in this 

region. An example is shown in Figure 1 3 (Ref. L17]), where a 

tip-shaped sample was prepared from a ~19. a ･f3-~l } <1 10> grain 

boundary of a copper bicrystal which has been doped with about 

50 atppm of bismuth. In order to do so, a slice containin** the 

boundary was ion milled out of the bulk material. This is a 

conventional procedure for getting TEM specimen. Out of the slice 

a strip was cut by the ion beam and attached to a manipulator. In 

a following step the strip was welded to a tungsten tip and finally 

sharpened with the ion beam, in order to get the appropriate 

curvature for an atom probe analysis. The fmal specimen 

containing the grain boundary is presented in Figure 14. Anal)･sing 

a part around the grain boundary with the atom probe revealed a 

strong segregation of Bi to this boundary. 
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