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The Archetypal Atom-Probe

J. A. Panitz
The University of New Mexico, Department of Physics and Astronomy, 800 Yale Boulevard, N.E.,
Albuguerque, NM 87131

The ultimate microanalytical tool would be an instrument capable of selecting and identify-
ing the individual constituents of a surface seen in atomic resolution. This daunting task is
possible with a combination field ion microscope and mass spectrometer having single-par-
ticle detection sensitivity. The resulting device is called the aton-probe. With the atom-probe
it is possible to identify a single atom seen on a metal surface and selected from neighboring

atoms at the discretion of the observer.

© Elsevier Science Inc., 2000. All rights reserved.

PREFACE

In the Atom-Probe, as originally conceived,
a surface species was imaged in a field ion
microscope and selected for examination
by positioning its image over a small aper-
ture or probe hole in the microscope’s fluo-
rescent screen. The selected particle was re-
moved from the surface as a positive ion by
field evaporation, and traveled through the
probe hole into a time-of-flight mass spec-
trometer. The time correlation between the
ion’s impact at a suitable detector, and the
evaporation event itself allowed the ion’s
travel time to be determined with great
precision. Because the ion’s kinetic energy
and travel distance are also well defined
and accurately known, its mass-to-charge
ratio can be determined with precision.
This manuscript focuses on the first atom-
probe by reproducing the first three chap-
ters (Introduction, Theory of Operation, A
Prototype Instrument) of the Ph.D. thesis
that described the original instrument [1].
The original acknowledgment, the original
references (beginning with reference 3),
and the original figures (beginning with
Fig. 3) are included.

Many variations of the atom-probe prin-
ciple were developed after the original in-
strument was introduced (more than 30
years ago). Technical innovation has con-
tinued, but costs have escalated as well.
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Figure 1 is a reproduction of the original
award letter from the National Science
Foundation. Notice that the total award for
24 months (including overhead) is $59,300.
Figure 2 is a reproduction of the research
budget. It included two senior personnel,
six support personnel, equipment, travel,
publication, and machine shop costs. Times
have certainly changed. It is doubtful that
the same level of effort could be completed
today for less than five times the original
budgeted amount!

INTRODUCTION

The field ion microscope, invented by
Muller in 1951 [2], is the only instrument
capable of resolving the individual atoms
of a metal surface. In practice, each pro-
truding surface atom of a specially pre-
pared specimen is imaged on a fluorescent
screen by a beam of ions, usually helium,
formed some four angstroms above it in a
narrow region of high ionization probabil-
ity [3].. The image that is observed on the
screen of the microscope is actually a
highly magnified representation of these
ionization regions. Because a one-to-one
correspondence is present between each lo-
calized ionization region and the surface
atom directly below it, the entire image
represents the atomically resolved surface
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FIG. 1. The NSF award letter.

of the specimen. However, because this im-
aging process is similar for all surface at-
oms regardless of their chemical nature, it
is usually not possible to use the appear-
ance of the FIM image to directly discrimi-
nate between different atomic species at the
surface. Although it seems quite certain
that only one kind of atom is present on
pure W, Ir, Rh, or Pt surfaces characterized
by a highly perfect FIM pattern, it is not

possible to unambiguously identify the dif-
ferent atomic species forming the usually
less regular FIM patterns that are obtained
from alloys, crystals containing impurities,
or adsorbates at the surface. Fortunately,
the field lonization of an ambient gas upon
which the imaging process relies is not the
only observable effect due to the presence
of the high electric field near the surface. It
is, in fact, an associated process called field
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evaporation, which actually allows the sur-
face species to be determined.

The theory of field evaporation has been
covered in detail elsewhere [4, 5], and,
therefore, will not be reviewed here. Basi-
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cally, it describes the field ionization of a
surface atom or molecule followed by ther-
mal activation over a field-reduced energy
barrier. The result is that surface species, in
the form of positive ions, may be removed



from the metallic emitter at a well-defined,
controllable rate. The rate is fixed by the
electric field strength at the surface and,
therefore, by the potential difference ap-
plied between emitter and screen. Cou-
pling this source of surface ions with a
mass spectrometer, a suggestion first ad-
vanced by Miiller [6] permits their mass-to-
charge ratio to be determined. Because the
field evaporation theory, even in its some-
what contrived form, can usually predict
the charge of the evaporated species, the
mass is also known.

Because of experimental difficulties in
obtaining long-term ion currents of appre-
ciable magnitude from a field evaporation
source, most previous experiments have
been concerned with field ionization—not
evaporation-mass spectroscopy. This tech-
nique utilizes the extremely high electric
field near the tip to ionize ambient gases or
organic vapors, the ions formed being ana-
lyzed in a suitable spectrometer. Ingram
and Gomer [7] presented the first experi-
mental results with the publication of their
study of the field ionization of hydrogen
and deuterium.

Later, Miiller and Bahadur [8] investi-
gated, qualitatively, the field ion spectrum
of hydrogen. Clements [9], studying the
abundance of ion species in high ambient
gas pressures, discovered the Hs* ion in the
field ionized hydrogen spectrum. Beckey et
al. [10] extended the technique to include
the study of field induced dissociation
products of hydrocarbons, using both con-
ventional electron impact, and modified
field ionization sources. Thomsen [11] in
addition to studying the low-pressure spec-
tra of field-ionized gases, reported the first
observation of an abundant field evapo-
rated ion, CuH,*, during his investigation
of the field evaporation of beryllium cop-
per in 1077 Torr of hydrogen. Barofsky [12]
originally continued Clements’ study of the
field-ionized hydrogen spectra, but later
[13] was able to examine the low-tempera-
ture field-evaporation products of Be, Fe,
Zn, and Cu. His investigation of the last
metal confirmed Thomsen’s original obser-
vation of the abundant CuH," ion.
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Although Thomsen’s work, and more
particularly Barofsky’s, resulted in the de-
tection and identification of surface species
during field evaporation, both investiga-
tors were limited by their apparatus. Thom-
sen did not have a suitable detector. Nei-
ther could localize the region of the emitter
from which the jons originated, neither
could preselect surface species of interest,
and neither could work with fewer than
perhaps 10* ions per second entering their
spectrometers.

It is quite apparent that a major advance
in both field ion mass spectroscopy and
surface physics would be achieved with the
positive identification of the atomic species
associated with preselected, individual, im-
age spots. To accomplish this feat, Miiller
[14] in 1967, realizing that single ion detec-
tion was possible, suggested a novel combi-
nation of field ion microscope and mass
spectrometer now called the atom-probe
FIM. The device, incorporating single-par-
ticle detection capability, relies upon the
strict time correlation between a field evap-
oration and detection event to eliminate
random detector noise.

The atom-probe was named (according
to Riviere [15] incorrectly) in analogy with
the well-known electron microprobe devel-
oped by Castaing [16]. This instrument, a
combination electron microscope and X-ray
analyzer, can investigate the constituents of
a small section of specimen which, al-
though typically of the order of 1 pm in
size, still contains 10'! atoms. The scanning
electron microprobe developed by Crewe
[17], using a field emission source and an
energy analyzer, may provide still another
form of chemical analysis of selected speci-
men areas. The number of atoms involved,
however, would still be greater than 10°.

Only with the atom-probe FIM can one,
ultimately, determine the identity of a sin-
gle species seen with atomic resolution at a
metal surface, and selected from neighbor-
ing atoms at the discretion of the experi-
menter. It is the purpose of this work to
present, in some detail, the development of
this most sensitive tool for microanalytical
research.
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THEORY OF OPERATION

The atom-probe consists of a field ion mi-
croscope modified so that the imaged atom
chosen for analysis can be positioned over
a small aperture, or “probe hole,” in the mi-
croscope’s phosphor-coated screen. This
probe hole provides an entrance into the
analyzer, which in the present designs has
been a time-of-flight mass spectrometer
with single-particle resolution. After prop-
erly positioning the specimen so that the
desired surface atom is imaged over the
probe hole, and pumping away the imag-
ing gas if desired, the specimen is subjected
to a high-voltage pulse. This pulse, super-
imposed on the steady-state DC imaging
voltage, is made sufficiently large so that
the resulting electric field at the surface will
cause a number of surface atoms to field
evaporate as positive ions. Only the atom
that was imaged over the probe hole
passes, now as an ion, into the time-of-
flight mass spectrometer—all of the other
ions being blocked by the screen.

After traveling approximately 1m, the
ion collides with the first dynode of a mul-
tistage electron multiplier, thereby produc-
ing a signal that can be displayed on an os-
cilloscope. The recorded sweep, initiated
by the evaporation pulse, is a direct mea-
sure of the ion’s travel time. If the duration
of the evaporation pulse is made longer
than the ion’s travel time in the acceleration
region near the tip, the evaporated ion will
quickly attain a kinetic energy determined
solely by the sum of the DC imaging volt-
age and evaporation pulse voltage. That is:

1/2m 0[2 =ne(Vdc + Vpulse) (1)

where ne is the ion’s charge, and v, its final,
or terminal, velocity. Because the accelera-
tion region near the tip is very short com-
pared to the ion’s total flight path, its travel
time is, to a very good approximation, just

t~ (d/v) )

where d is the total tip to detector distance.
The ion selected for analysis is identified
by its mass-to-charge ratio expressed as a
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function of the total voltage, travel time,
and distance. Combining Egs. (1) and (2)
gives the desired result:

(m/n)y = K(V g+ Vet 3)
where
K = 0.193/d>

and V,; and Vpulse are measured in kilo-
volts, t is measured in microseconds, and
(m/n), is expressed in terms of atomic mass
units (amu). The constant K can be evalu-
ated once the tip-to-screen distance, 4, is
known. For our instrument three different
analyzer tube lengths have been used. Cor-
respondingly, for d = 0.82m, K = 0.228; for
d = 0.99m, K = 0.195; while for d = 1.98m,
K = 0.049.

A PROTOTYPE INSTRUMENT

To demonstrate the feasibility of the atom-
probe concept, a prototype instrument was
constructed. Although it has been fully de-
scribed elsewhere [18], its essential features
will be repeated here, both for complete-
ness and to provide a comparison with the
improved instrument to be described shortly.

Figure 3 is a schematic diagram of the
prototype atom-probe, while Fig. 4 is a pho-
tograph of the instrument itself. The speci-
men to be examined is spot welded to a
molybdenum wire loop that is held in posi-
tion by two tungsten coils. The coils are
formed from tungsten wires that are sealed
through the base of a Pyrex cold finger.
These wires provide electrical contact to the
specimen while cooling it by conduction
from the cryogenic liquid through which
they pass. A grounded aluminum cone,
making thermal contact with the cold fin-
ger, surrounds the tip and its mounting
coils. Such a cone has been shown by
Miiller [19] to increase the intensity of the
faint FIM image by as much as 300%.

The entire cold finger is inserted into the
upper portion of the microscope body with
the specimen tip positioned as closely as
possible to the center of rotation of the
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FIG. 3. The prototype atom-probe (schematic).

greased ball joint assembly. When so
placed, the tip is axially aligned with re-
spect to the holes located in both the alumi-
num plate and the fluorescent screen. The
aluminum plate serves to separate the mi-
croscope into two sections. The upper, con-
taining the tip, is connected to a supply of
helium gas whose flow rate can be accu-
rately adjusted. The lower portion, contain-
ing the screen, is connected to a liquid ni-
trogen trapped, 5cm, oil diffusion pump.
During imaging of the specimen, the lower
portion of the microscope body is pumped
while helium gas is admitted into the up-
per portion. This dynamic gas supply sys-
tem [20] allows operation with 1mt of im-
aging gas in the immediate vicinity of the
tip, while maintaining the region near the
screen at a considerably lower pressure.
The time-of-flight spectrometer, located
directly behind the fluorescent screen, is
continuously pumped by a separate, trapped,
5cm, oil diffusion pump. With a probe hole
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FIG. 4. The prototype atom-probe (photograph).

1mm in diameter, the vacuum in this region
is maintained, during imaging, at better
than 5.0 X 107¢ Torr to ensure that an ade-
quate mean free path is obtained.

The evaporation pulse is supplied by a
Huggins Laboratory pulse generator, model
961D, which provides both adjustable pulse
amplitude (0 to 3kV), and width. For the
prototype atom probe a pulse width of 2.0
ns was chosen, with a corresponding rise
and fall time of 0.5 ns. The actual pulse
shape produced by the generator was ob-
served at its output with a Tektronix type
519 oscilloscope. Manually triggered single
pulses are normally used to field evaporate
selected species, although the generator also
permits 60-cycle repetitive operation. The
evaporation pulse travels to the microscope
head on a 50() coaxial cable terminated by
a 50Q) resistor, and is coupled to the DC
leads in the cold finger through a 500pF,
30kV capacitor.

A “venetian blind” electron multiplier
having a gain of ~10° detects the field-
evaporated species. The physical configu-
ration of this detector [is similar to that of
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the one used currently in the improved
atom-probe, but sic] incorporates 12 Be-Cu
dynodes, and one anode. The multiplier as-
sembly, mounted on a brass O-ring flange,
is bolted to the base of the time-of-flight
tube; all electrical connections to the multi-
plier being made through ceramic-to metal
seals soldered to the flange.

The anode of the electron multiplier is
connected directly to a transistorized pream-
plifier originally designed by S. B. McLane
[14] for a similar application. An overall cur-
rent gain of greater than 10'2 was observed
with the detector preamp combination. The
16-ns rise time of the Tektronix type 551 os-
cilloscope, used to measure the time of flight,
determined the rise time of the recorded
pulse; the observed fall time of 1 ms was de-
termined by the detector—preamplifier com-
bination. Figure 5 is two typical oscilloscope
photographs showing the recorded “stair-
case” wave shape resulting when two or
more particles reached the detector during a
single sweep. Because a single sweep lasts
only 10 ps, and is initiated by the evapora-
tion pulse, random events are effectively ex-
cluded from being recorded.

Preliminary results obtained with the pro-
totype instrument indicated, at the relatively
poor vacuum conditions present, the oc-
currence of tungsten—oxygen and tungsten—
nitrogen compound ions on the surface.
Figure 5(B) shows typical oscilloscope flight-
time data obtained for a tungsten specimen.
For the upper trace, the species is 1#W 160,3*
(m/n = 71), while for the lower trace (from
left to right), the species are 13W 160,%+
(m/n = 53.6), and 182W 160,3* (m/n = 71.2).
In addition, the evaporation of rhenium-
molybdenum alloys indicated that both met-
als field evaporated as doubly charged ions.
A similar result was obtained for tungsten
specimens, but W3* and W** were also ob-
served. Figure 5(A) resulted from an exami-
nation of tungsten at 21K. A getter, installed
near the tip, improved the background vac-
uum. For the upper trace (from left to right)
m/m = 66 and m/n = 91. For the lower trace
m/n = 66. These species are to be identified
with 182W 1603+ (m/n = 91), and 1B2W 1603+
(m/n = 66) or B2W HNB* (m/n = 66).

A. Tungsten at 9.0 kV + 0.2 kV pulse

B. Tungsten at 25 kV + 2.4 kV pulse

FIG. 5. Atom-probe examination of tungsten.

Although a mass determination accurate
to =1.0amu was claimed, more refined ex-
periments with the most recent instrument
indicate that such a figure was probably
quite optimistic. In fact, [as will be dis-
cussed shortly, sic] the very equation, Eq.
(1), used for all the mass determinations,
must be refined by the incorporation of two
correction factors.

Another problem with the device was
that, although any region of the specimen
could be positioned over the probe hole,
the poor viewing conditions prevented
both precise selection of single species and
photographing the image. Nevertheless,
the prototype atom probe did demonstrate
that the original concept of mass analyzing
a single field-evaporated particle was feasi-
ble. In addition, it provided novel prelimi-
nary results by establishing the unexpect-
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edly high ionic charges of some field-
evaporated ions, while at the same time
providing a firm basis on which to design
future instruments.

The success of the current atom-probe program
has been due, in large measure, to the active co-
operation between Professor E. W. Miiller, Mr.
S. B. McLane, Mr. G. E. Fowler, and the author.
In particular, the greatest portion of the atom-
probe’s success must be directly attributed to
Professor Miiller, who conceived the principle of
the instrument and participated, spiritedly, in
every phase of its development. His original sug-
gestion of the problem, his designs, and his active
and continual interest are all gratefully ack-
nowledged. Special thanks are also due to Mr. S.
B. McLane, who not only developed and operated
the special electronic equipment needed, but also
was the source of many fruitful ideas, suggestions,
and conversations. The technical competence,
versatility, and interest of Gerald E. Fowler are
also recognized, and appreciated. Mr. Fowler, in
addition to assembling major portions of the in-
strument, provided continual technical assistance
throughout the entire program. Finally, the author
wishes to thank the National Scienice Foundation,
who supported this work under NSF Grant
GP7452 to Professor E. W. Miiller.
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