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The atom-probe and imaging field-desorption mass spectrometer (called
single-atom mass spectroscopies, or SAMS) occupy a unique place among
the methods currently available for surface characterization. Unlike the
more conventional electron spectroscopies (Auger, appearance potential,
and photoelectron), they are truly surface-sensitive, sampling the consti-
tuent species of only the first atomic layer, and since they employ mass-
spectrometric means for species identification, they can directly detect ali
surface species, including hydrogen. Whereas surface structure can only
be dtermined on a gross average scale by diffraction methods, the single-
atom spectroscopies, incorporating the magnification advantage of the
field-ion microscope, can determine the location of individual surface
species and detail (on an atomic scale) the extent of localized lattic imper-
fections. Since such techniques can controllably remove each atom layer
of a specimen to expose the one underneath, depth profiling of surface
species can be achieved with a resolution unequaled by any other method.
Moreover, since species abundance can usually be determined by direct
counting of detected species, only detection efficiency (an experimentally
determinable parameter), and not theoretical estimates of cross sections
or matrix contributions, will determine compositional accuracy. As a
result, the single-atom spectroscopies can provide a more quantitative
picture of surface and near-surface composition and structure then
previously available. 1n the following pages these techniques will be
outlined with particular emphasis on the more recent imaging field-
desorption method developed at Sandia Laboratories.







Single-Atom Mass Spectroscopies are unique in that they provide:

L

Surface morphology and structure with angstrom
resolution.

The identity of all surface species with the ability
to preselect one surface atom for analysis, or
determine the crystallographic distribution of one
species on the surface.

Depth profiling of species with angstrom resolution.
When combined with (2), above, complete three-
dimensional (surface and depth) profiles of a pre-
selected species (e.q., hydrogen or helium) can be
obtained with angstrom resolution.

Very high detection sensi’tivi’cy(l(f15 monolayers
for any species).



THE ATOM-PROBE FIELD-ION MICROSCOPE' (opposite, left)
determines the identify of a surface species producing a preselelected

ion-image spot on the screen of a field-ion microscope. This is

accomplished by field-desorbing (removing) a monolayer of the sub-
strate and allowing only the species of interest to pass into a mass
spectrometer.

THE IMAGING FIELD-DESORPTION MASS SPECTROMETER2

(opposite, right) determines the complete crystallographic distribution

of a preselected surface species by field-desorbing (removing) a monolayer

of the substrate and photographing the phosphor screen of a detector
activated (time-gated) coincidently with the arrival of the selected
species.  Since a field-ion image is not used for species selection, any
surface species can be preselected, even those (like hydrogen) which are

not imaged in the field-ion microscope.

1E. W. Muller, J. A. Panitz, S. B. MclLane, Rev. Sci. Instr. 39,

83 (1968).

2J. A. Panitz, J. Vac. Sci. Technol. 11, 206 (1974).
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HYDROGEN SEGREGATION ON IRIDIUM AT 78°K

If a carbon impurity is present in an iridium lattice, hydrogen
will segregate to the impurity, producing a characteristic gated-
desorption image of H* (opposite, below). A field-ion image
(opposite, above) is used to obtain the orientation of the substrate
lattice. By alternately time-gating for carbon and then hydrogen,

highly localized adsorption of hydrogen at the carbon impurity is

demonstrated.



HYDROGEN SEGREGATION ON IRIDIUM AT 780K

Helium-ion image of surface

2152074




(SL61) 012 ‘21 “louysL ‘19S BA T ‘Blued 'y T

"81}1e| 3y} ul pue 8deyns 3y} uo yjog
‘uondJospe wnjjay Jo SaIpn)S Ul PaJapisuod aq ysnuw buipuiq paonpuj-pjaly pue sauepunge saidads ul
suoneldep  “(a| ‘do}) sabew) ajeqysqns-pajeb ul Jeadde os|e PIa1A uor moj Jo suoibau | yJep,, Jejlwis

"MO| S PI3IA 8)eqJospe au} aJaym adeLIns ay) Jo suoibad buimoys ‘(8] ‘wopoq ‘ybu ‘do}) sabeuwn

uondiosap-pajeb oiysitajoeeys asnpoad saseh pagJospe-pialy asayl “saseb ajqou jo buipuiq padnpui
- P13} sabeanooua (uondiosap-piaiy o} Jorid) adeyins uawideds 3y} 1e pialy a1} ybiy ayy

A8L LV NILSONML NO NOIN GNV WNIT3H 40 NOILdHOSAY-aT3i4



vBTes {,oH \\*,w@:

740 TINYONNEY TIVWS B

PL918/vLST8

H8L 1V NILSONMAL (1T1) WOHA NOIN ONY WNITIH 40 NOLLJH0S30 a1314

285 G/€ [SIUOAT 06T 295 (0g /SIUaAT O]

mztﬁ g0t Xe'L=d 0L G X1 -d

0



Field-ionization:

Field-ion Image:

Field-desorption:

Field-evaporation:

Field-Adsorption:

GLOSSARY OF TERMS

The quantum-mechanical process by which a
high electric field (> 10V/nm) increases the
probability of electron-tunneling from a neutral
gas species into a nearby (40 nm) metal surface.

The approximately radial projection of field-ionized
gas atoms (formed above a metal surface) to a
fluorescent screen producing a pattern of vari-
ations in ionization probability, reflecting the
position of individual atoms on the metal surface:
above protruding (edge, or 'kink-site'!) atoms the
electric field will be large, producing a high ion
current; above closely spaced atoms the field will
be low producing a small ion current

The high-field process by which a substrate or
adsorbed species is removed from the surface as
a positive ion. The process can be interpreted
as thermal activation over a field-reduced energy
barrier.

A particular type of "field-desorption'" referring
specifically to the field-enhanced removal of
substrate (lattice) atoms only.

A Field-induced dipole-dipole bond between a
field-polarized substrate and adsorbate atom.
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The Atom-Probe Field Ion Microscope*{

Ekwm W. MULLER, JouN A. Panitz, aND S. Brooks McCLANE
Depariment of Physics, The Pennsylvania State University, University Park, Pennsylvania 16802
(Received 1 September 1967)

A serious limitation of the field ion microscope has been its inability to identify the chemical nature of the in-
dividually imaged atoms. The newly conceived atom-probe FIM is a combination probe-hole FIM and mass
spectrometer having single particle sensitivity. During observation, the observer selects an atomic site of interest
by placing it over a probe hole in the image screen. Pulsed field evaporation sends the chosen particle through the
hole and into the spectrometer section. Preliminary results show that field evaporation of tungsten under poor
vacuum conditions occurs as triply or quadruply charged WO, WN, WO,, and WNj ions, while under better
conditions doubly and possibly triply charged tungsten can be observed. Mo-Re alloys always produced doubly
charged molybdenum and rhenium ions when examined in the atom-probe. Wide applications for the study of
short range order in alloys, the chemical nature of precipitates and impurity atoms, and information regarding
the imaging properties of various atom species, of both the substrate and adsorbed material, are foreseen.

1. INTRODUCTION

HE field ion microscope'? provides an intimate view
of the location of individual atoms on a metal
surface. However, its inability to discriminate between
different atomic species has been a serious shortcoming.
While it is very certain that only one kind of atom is
present on pure W, Ir, or Pt surfaces characterized by a
highly perfect FIM pattern, it is not possible to unam-
biguously identify the different atomic species in the
usually less regular FIM patterns which are obtained from
alloys, crystals containing impurities, or adsorbates at the
surface.

It is quite clear that a basic advance in field ion micros-
copy would be achieved with the identification of the
atomic species associated with individual image dots. This
difficult task now appears possible with a combination
field ion microscope and mass spectrometer having single
particle detection capability. Such a device may be called
an atom-probe FIM in analogy with the well known
electron microprobe developed by Castaing.? The latter
instrument, a combination electron microscope and x-ray
analyzer, can investigate the constituents of a small
section of specimen which, although typically of the order
of 1 uin size, still contains some 10" atoms. In the scanning
electron microscope developed by Crewe! a very crude
form of analysis is believed to be possible from the specific
energy losses, but the number of atoms involved is still of
the order of 10%.

In the atom-probe FIM :Wejwish to determine the nature

* Supported by the National Science Foundation.

t This paper was presented previously at the 14th Field Emission
Symposium at the MBS, Washington, D. C. (June 1967).

1E. W. Miiller, “Field Ionization and Field Ion Microscopy,” in
Advances in Electronics and Electron Physics (Academic Press Inc.,
New York, 1960), Vol. 13, pp. 83-179.

2 E. W. Miiller, Science 149, 591 (1965).

3 R. Castaing, “Electron Probe Microanalysis,” in Advances in
Electronics and Eleciron Physics (Academic Press Inc., New York,
1960), Vol. 13, pp. 317-384.

1 A. V. Crewe, Science 154, 729 (1966).
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of one single atom seen on a metal surface and selected from
neighboring atoms at the discretion of the observer.

II. PRINCIPLE

The atom-probe consists of a field ion microscope modi-
fied so that the imaged atom chosen for analysis can be
positioned over a probe hole in its fluorescent screen, This
hole provides an entrance into the analyzer which in the
present design is a time-of-flight spectrometer incorporat-
ing a detector having single particle sensitivity. After
properly positioning the desired atom and pumping the
imaging gas from the microscope, a high voltage pulse
applied to the tip desorbs the atomic species which then
travels through the probe hole. This pulse also initiates the
horizontal sweep of an oscilloscope. When the ion reaches
the detector a voltage pulse is fed to the oscilloscope, and
thus the time-of-flight of the ion is determined. From these
data its mass-to-charge ratio can be calculated since the
ion acquires essentially its final velocity within a few tip
radii, and since the potential difference through which it
travels can be accurately measured. The desorption voltage
V is, approximately, this potential difference, which is just
the sum of the dc imaging voltage and the maximum
pulse voltage, since the rise time of the pulse is negligible
compared to the time of flight of the ion, and since the
pulse amplitude is much less than the imaging voltage.

The mass-to-charge ratio of the detected ion is calculated
from the relations

gmP=neV and v=d/,

where m is the mass of the ion, 9 is its velocity, ne is its
charge, d is the distance between tip and detector, and ¢
is the observed time of flight. One finds, for a tip-to-
detector distance of 82 cm, that

m/n=0.288V2, 1)

where m is measured in amu, V is in kilovolts, and ¢ is
in microseconds.

Downloaded 20 Jan 2007 to 64.106.76.212. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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Although our prototype instrument incorporates a time-
of-flight analyzer, we are considering the use of other
analyzers, including a magnetic sector field with associated
multiple detectors. Such a device should permit rapid,
consecutive identification of many image spots since the
removal of the imaging gas during the desorption process
would be unnecessary.

III. A PROTOTYPE ATOM-PROBE FIM

Figure 1 shows a composite view of the atom-probe.
During operation the specimen to be examined is mounted
on the base of a cold finger and surrounded by an aluminum
cone held at ground potential. The cold finger is inserted
into the upper portion of the microscope so that the
specimen tip is positioned at the center of rotation of the
ball joint. When so placed, the tip is axially aligned with
respect to the holes located in both the aluminum plate and
fluorescent screen. The aluminum plate serves to separate
the microscope into two sections. The upper, containing
the tip, is connected to a supply of helium gas whose flow
rate can be accurately adjusted by means of a variable leak
valve. The lower portion containing the fluorescent screen
is connected to a liquid nitrogen trapped, 5 cm, oil diffusion
pump. During imaging of the specimen, the lower portion
of the microscope body is pumped while helium is admitted
into the upper portion. This dynamic gas supply system®
insures that a pressure of about 1 u is maintained in the
immediate vicinity of the tip, while a considerably lower
pressure is obtained in the region of the screen.

The time-of-flight tube containing the particle detector
and located directly below the fluorescent screen is con-
tinuously pumped by a separate, trapped, 5 cm, oil diffu-
sion pump. With the hole size of 1 mm chosen for the

§ B. Waclawski and E. W. Miiller, J. Appl. Phys. 32, 1472 (1961).

AND McLANE

fluorescent screen, the vacuum in the vicinity of the
multiplier can be maintained, during imaging, at better
than 5X10~° Torr. Before actual pulse evaporation the
gas supply is shut off and the helium used for imaging is
pumped from the microscope ensuring that at a pressure
below 10~¢ Torr an adequate mean free path is obtained.

The evaporation pulse for the atom-probe is taken from
a Huggins laboratory pulse generator, model 961-E, having
an adjustable pulse amplitude of 0 to 3 kV, a pulse width of
2 nsec, and a rise time and fall time of 0.5 nsec. Manually-
triggered single pulses are .used in the experiments. The
pulse width, rise time, and fall time were confirmed under
actual operating conditions by the use of a Tektronix type
519 oscilloscope.

The output of the pulse generator is carried to the
microscope head by a 50 @ coaxial cable terminated by a
50 Q resistor and coupled to the high voltage leads through
a 500 pF, 30 kV capacitor. No attempt was made to clean
up reflected secondary pulses as their amplitude is negligi-
ble within a period of 100 nsec, which corresponds to less
than one mass unit within the voltages likely to be used
during normal operation.

The particle detector used is an electron multiplier of the
“‘venetian blind” type, assembled in our Laboratory from
12 dynodes and one anode supplied by EMI (Electrical
and Musical Industries, London, England), and baked
before use in an auxiliary vacuum system for one hour at
360°C and 10~% Torr. The Be-Cu dynodes are stacked on
three ceramic rods and separated from each other by cera-
mic spacers. They are maintained at appropriate poten-
tials by a resistor chain. A fine wire mesh placed in front of
the first dynode and separared from it electrically by two
2 M carbon resistors provides a means of accelerating the
incoming ion slightly before striking the first dynode. An
electropolished nickel cap covers the mesh and first two
dynodes. It is maintained at the same potential (—3000
V dc) as the wire mesh and serves to discourage field
emission from possible sharp edges on those initial dynodes
held at large negative dc potentials. The entire multiplier
is rigidly mounted on an O-ring flange bolted to the base of
the time-of-flight tube. All external electrical connections
including the multiplier output are made through ceramic-
to-metal seals soldered to the flange.

The output of the particle detector is connected to a
transistorized preamplifier with an input resistance greater
than 10® Q and an output resistance of less than 500 Q. The
detector-preamp combination provides an over-all current
gain of greater than 10'%. Tests with a Tektronix type 519
oscilloscope showed that for capacitive coupling the pre-
amplifier has a frequency response in excess of 200 MHz.
The 16 nsec rise time of the Tektronix type 351 oscillo-
scope, used to measure the time of flight, determined the
rise time of the pulse; the fall time of 1 msec was determined

Downloaded 20 Jan 2007 to 64.106.76.212. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



FIELD 1ON MICROSCOPE 85

by the detector-preamplifier combination. However, this
did not limit the usefulness of the combination in resolving
adjacent masses, as a staircase wave shape resulted when
two or more particles reached the detector during a single
sweep. The resolution of the present equipment is about
1 to 2 atomic mass units, entirely sufficient for our pre-
liminary investigations.

At the maximum current sensitivity of the preamplifier-
oscilloscope combination, some 5 pA/cm, no dark current
noise was perceptible from the detector. However, on slow
sweeps a few random events (of the order of one per second)
could be detected, and when small amounts of helium were
admitted to weakly image the specimen, helium ion pulses
were observed in the expected numbers. Using the normal
single sweep of 10 usec which covers all masses of possible
interest, and even with only a modest background vacuum
of 107¢ Torr, a noise signal that could be mistaken for a
desorbed ion was never encountered.

Figure 2(a) shows an example of the oscilloscope pattern
obtained from the atom-probe examination of tungsten for
two different tip voltages. As can be seen, the rise time of
the pulse is quite short, but since the sweep is 1 usec/cm,
the decay time of 1 msec produces a horizontal line. The
amplitude of the initial transient could be decreased by
more thorough shielding, but was ignored since it did not
saturate the preamplifier. The initial oscillations were
damped in a time shorter than required for the transit of
any possible species appearing on the surface of the
specimen and were, therefore, also ignored.

IV. EXPERIMENTAL RESULTS

Using Eq. (1) we find for the upper trace in Fig. 2(a)
m/n="71, and for the lower trace (from left to right)
m/n=>53.6, and m/n="71.2. Because of the relatively poor
vacuum conditions maintained at the tip (due to the
presence of the greased ball joint and an insufficient path
for evacuation), we believe ourselves justified in identifying
these species as the tungsten-oxygen complexes B2W(Q
(m/n=71.3) and WSO+ (m/n=54.0). Both have
been cbserved previously by other experimenters engaged
in more conventional mass spectrometry of oxidized tung-
sten at elevated temperatures using a field ionization
emitter.® However, in view of the well known occurrence
of nitrogen etch” in insufficiently evacuated field ion micro-
scopes, the two species observed may also represent three
and four-fold charged ions of 3W"“N, molecules, and the
ion with m/n="71.2, 2WHUN

Because of the preliminary design of the present system
it was impossible to photograph the screen both before and
after evaporation to obtain a precise indication of the

¥ R. Vanselow and W. A. Schmidt, 12th Field Emission Sympo-
sium (The Pennsylvania State Univ., 1965).

7J. F. Mulson and E. W, Miiller, J. Chem. Phys. 38, 2615 (1963),

F1c. 2 (a) Atom-probe examination of tungsten; upper trace—25
kV dc +2.4 kV pulse; m/n=71 (¢=3.0 usec). Lower trace—25 kV
dc+2.5 kV pulse;(from left to right) m/n=>53.6 (¢=2.6 usec),
m/n=71.2 (#=3.0 usec). (b) Atom-probe examination of a rhenium
molybdenum alloy; 15.5 kV dc+1 kV pulse; (from left to right)
m/n=48 (t=3.2 pusec), m/n=93 (t=4.4 usec). (c) Atom-probe
examination of tungsten; Upper trace—9 kV dc+0.2 kV pulse;
(from left to right) m/n=066 (t=5.0 usec), m/n="91 (t==5.8 usec).
Lower trace—9 kV dc +0.2 kV pulse; m/n=66 (¢=5.0 usec).

location of the species being examined. In the lower trace,
clearly, the probe hole was situated so as to allow two
neighboring species to be detected. This condition is quite
reproducible and, in fact, was observed at other tip
voltages, as well as for other tips of the same material
imaged in an identical manner.

Figure 2(b) shows the result of using the atom-probe to
examine a rhenium-molybdenum alloy, field evaporated
at 78°K. Here, once again, is one of a series of photographs
in which two atomic species were detected. In this photo-
graph, the smaller ratio (corresponding to the shorter time)
is m/n=48, while the larger ratio is m/n=93. These
correspond, respectively, to **Mo*+ and Ret+, The mass-
to-charge determination is accurate to about 41 amu.

Figure 2{(c) resulted from an examination of tungsten at
21°K. A getter had been installed near the tip to improve
the vacuum conditions during desorption. Both traces
resulted from an imaging voltage of 9 kV, and a pulse
voltage of 200 V. Using Eq. (1) one obtains for the upper
trace (from left to right) m/n==66 and m/n=91. For the

Downloaded 20 Jan 2007 to 64.106.76.212. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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lower trace m/n=066. We believe m/n=91 corresponds to
18W++ while m/n=066 corresponds, most probably, to
LEWIeQ+++ or BWUN+, Of some thirty traces resulting
from four specimen tips, W+ was observed on only three
occasions. The majority of the remaining traces were the
tungsten-oxygen or tungsten-nitrogen complexes described
earlier. A mass-to-charge ratio between 62.9 and 64.6 was
obtained in five cases. This might correspond to 8SW+++
(m/n=62), or perhaps to EEWUN+++ or 182WQ++ with
m/n=2065.3 or 66, respectively. Because of the remaining
uncertainty of interpretations, no definite conclusions
could be drawn, at this time, about the relative abundances
of W+ and W+,

V. DISCUSSION

The results obtained to date with the prototype atom-
probe, although limited in scope, are highly successful in
that they show the feasibility of this most sensitive mass
spectrometer, as well as provide a basis on which to design
a more sophisticated instrument. Certainly, our experience
has shown that it must include such necessary refinements
as an adjustable probe hole, and a means to accurately
photograph the image both before and after pulse evapora-
tion. In addition, it seems necessary to employ a grease-
free, all metal, ultrahigh vacuum system so as to minimize

AND McLANE

possible tip contamination. These considerations have
been incorporated into an instrument which is now being
constructed in our Laboratory.

What can be expected of the new technique? It should
now be possible to settle the controversy among field ion
microscopists concerning the nature of the bright spots
obtained by adsorption of oxygen, nitrogen, and carbon
monoxide, which have been suggested as representing
either adsorbates® or tungsten atoms displaced by the
corrosion process.?'® We will be able to identify the chemi-
cal complexes involved in water-etch? and oxygen corro-
sion,’ as well as the products of reactions initiated under
the extreme electric fields encountered at the surface of a
specimen. We believe we now have a powerful tool for
alloy research since we can determine, quite easily, short
range order, discrete visibility of atomic species,'* and other.
related items of interest. Finally, the chemical nature of
interstitials, segregations, and precipitates will be open to
direct experimental observation and analysis,

8 G. Ehrlich, Discussions Faraday Soc. 41, 55 (1966).

% E. W. Miiller, “FIM Studies of Surface Corrosion of Interstitials,
Vacancies and o-Irradiation Damage by Controlled Field Evapora-
tion of Atomic Layers,” in Structure and Properties of Thin Films,
C. A. Neugebauer, J. B. Newkitk, D. A. Vermilyea, Eds. (John
Wiley & Sons, Inc., New York, 1959), p. 476.
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Recording Fabry-Perot Interferometer

H. G. Kunx, E. L. LEwis, D. N. STacey, anp J. M. VAUGHAN*
Clarendon Laboratory, Oxford, England
(Received 26 July 1967; and in final form, 19 September 1967)

A recording interferometer is described in which a direct plot of spectral intensity against wavenumber is ob-
tained without the use of a time base. When used as a double recorder, the instrument records two spectral profiles
simultaneously. In this form, the recorder is particularly suited to the comparison of spectral profiles and the

measurement of small line shifts,

INTRODUCTION

HOTOELECTRIC recording is now a well established
technique of interference spectroscopy. In the most
widely used method, !? the optical path in a Fabry-Perot
etalon is varied by changing the pressure of the gas
between the plates, and the intensity at the center of the
fringe pattern is plotted against time by means of a chart
" * Present address: Palmer Physical Laboratory, Princeton Uni-
versity, Princeton, N. J.
1P. Jacquinot and Ch. Dufour, J. Rech. Centre Natl. Rech. Sci.,

Lab. Bellevue (Paris) 6, 91 (1949).
2 P. Jacquinot, Rept. Progr. Phys. 23, 267 (1960).

recorder. To obtain a linear wavenumber scale, it is
necessary to vary the pressure at a constant rate. The
difficulties involved in controlling the pressure variation to
the required degree of accuracy led to the development of
the direct-recording interferometers now in use at the
Clarendon Laboratory. These avoid the necessity for a
time base, since the intensity in the center of the fringe
pattern is plotted directly against the pressure in the
etalon box.

The recorders have now been in use for several years in
investigations requiring the detailed analysis of spectral
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The crystallographic distribution of field-desorbed species*

J. A. Panitz

Sandia Laboratories, Albuquerque, New Mexico 87115
(Received 13 August 1973)

The complete crystallographic distribution of field-evaporated W3+ and W** as well as field-desorbed
hydrogen has been observed by using a new technique called field desorption spectrometry. The
distributions are obtained during a single evaporation event in a modified field-ion microscope by recording
the desorption image displayed on a spherical CEMA detector time gated with the arrival of an ion species
of preselected mass-to-charge ratio. Preliminary observations show no unique crystallographic origin for
W3+ or W4+ at 78 or 27 K during field evaporation in vacuum or imaging gas. Hydrogen appears to
originate at random insterstitial locations at the surface and is not uniquely associated with the protruding
atoms imaged in a conventional ion micrograph. The general lack of a one-to-one correspondence between
gated desorption and ion micrograph images suggests that using the atom probe to identify individual
preselected ion micrograph image spots may be much more difficult than originally anticipated.

INTRODUCTION

The field-ion microscope! provides a simple but elegant
means for observing a metal surface in atomic resolution.
With the introduction of the atom probe? in 1967, the
identity of individual surface species could be deter-
mined, providing a surface analytical device with
single-atom resolution. Recently, a variation of the
atom probe? has extended its capability to include
single-atom identification at several different crystal-
lographic locations during a single evaporation event
in addition to permitting all imaged surface species to
be identified at one time. In this paper we present a
logical extension of this latter technique, yet one which
departs completely from atom probe philosophy. Rather
than attempt to determine the identity of a surface
species producing a preselected ion-image spot, we wish
to determine the complete crystallographic distribution
of a surface species of preselected mass-to-charge ratio.
The significant advantage of this approach is that one
obtains the complete surface distribution of a given
species during a single evaporation event and thereby
avoids the surface altering and tedious procedure
inherent in any statistically significant crystallographic
distribution determination using the atom probe. We
call this new technique field desorption spectrometry
(FDS) and use it here to provide the first comprehen-
sive crystallographic distribution data for the species
present on the surface of clean tungsten.

THEORY

Surface species, field evaporated from the specimen as
positive ions by a high-voltage pulse, enter the drift
region of a time-of-flight spectrometer with energy

Imt=qV,i=neVy,, (1)

where  is the mass of any single ion, v is its velocity, ¢
is its charge, e is the electronic charge, and V4 is a
positive bias applied to the specimen.

After traveling a time T in the drift region of length d,
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given by
T=d/v, (2)

the ions strike a curved Chevron CEMA detector,*
providing a visible desorption image on its phosphor
screen that can be photographically recorded. The
travel time of a given ion species is obtained by com-
bining Egs. (1) and (2) to give

T=d[(m/n)(0.193V )] (3)

where T is in usec, d is in meters, m/# is in amu, and V4
is in kV. Now suppose that instead of operating the
CEMA continuously, it is turned on for a short time
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Fi1G. 1. Field desorption spectrometer. Desorbed surface species

are detected by a time-gated curved Chevron CEMA detector so
that only ions having a preselected mass-to-charge ratio will be
displayed on its phosphor screen. This permits the complete
crystallographic dependence of the given species to be recorded
during a single evaporation event by placing photographic film
(Polaroid Type 57) in contact with the CEMA’s fiber-optic face
plate. The delay cable from the evaporation pulser compensates
for the inherent delay in the variable and mass gate pulsers.
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center of curvature of the CEMA to ensure identical travel
times for all ion species.

5The absolute abundance of the detected species on the surface
prior to field evaporation can be determined from these data
only if the entire surface layer of atoms has been removed
and if the active area of the CEMA is sufficiently large to
assure detection of essentially all ions striking it.

%The width of the gate pulse essentially determines the mass
resolution, since it provides a ‘“time window”’ during which
the CEMA has gain. At its maximum amplitude of 800 V
the gate pulse is 10 nsec wide, and its width increases to 30
nsec at 200 V. At this point the total potential (dc bias
~+pulse amplitude) is 1000 V, and the resulting CEMA gain
is 1insufficient to detect desorbed species.

A desorption microscope using a single channel plate and external

image intensifier was described by R. J. Walko and E. W.
Miiller, Phys. Status Solidi A 9, K9 (1972). Mass analysis of
the detected species was not possible.

8An alternate explanation is that a surface species, immediately
prior to removal from the surface as a positive ion, exists in
a metastable state whose surface location does not coincide
with the species’ original surface position. Subsequent removal
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from this new surface position would lead to a detected image
lacking correspondence with a conventional ion image.
However, this mechanism does not appear to be too probable
in view of the 110 region symmetry unless its importance is
dependent on specific crystallographic location.

SAnother possibility is that such images represent conventionally
imaged surface atoms whose trajections during field
evaporation are significantly but randomly altered from those
of neighboring species. Since the probability of appearance of
the “misplaced’ atoms seems to increase directly with the
severity of the evaporation event, it is usually desirable to
minimize the evaporation rate consistent with the ability to
remove species of interest.

VE. W. Miiller, J. A. Panitz, and S. B. McLane, Rev. Sci.

Instrum. 39, 83 (1968).

HE, W. Miiller, 15th Field Emission Symposium, Bonn,

Germany 1968 (unpublished); J. A. Panitz, Ph.D. dissertation,
The Pennsylvania State University, 1969,

BE, W. Miiller, Ber. Bunsenges. 75, 979 (1971).
18]t is not obvious whether the production of W*t is due to a

large evaporation rate or to the correspondingly large
evaporation field. That is, it is difficult to determine if the
production mechanism is rate or field-dependent.






The 10 cm Atom Probe*

J. A. Panitz
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(Received 12 February 1973; and in final form, 16 April 1973)

A novel atom probe is described which can determine the mass-to-charge ratios of all ion species produced
during a single desorption event or of individual species at several preselected crystallographic locations
during each desorption event. This is accomplished without tip movement in an instrument no larger than
a conventional field ion microscope by using a new channel plate photomultiplier detector. Alignment,
aiming, and pulse stability problems common to all previous designs have been eliminated. Although the
present mass resolution is 4 amu at m/n = 184/3, single isotope resolution, if desired, seems possible.

INTRODUCTION

The atom-probe field ion microscopel™ is a unique
instrument providing the ultimate in micromass analysis of
metal surfaces. Unfortunately, the atom-by-atom identifica-
tion of the surface provided by the device is tedious, par-
ticularly in those metallurgical applications requiring com-
position analysis throughout the bulk of a specimen.
Furthermore, most of the instruments discussed in the
literature have been large and cumbersome, usually re-
quiring differential pumping of the spectrometer and compli-
cated mechanisms for moving the emitter. As a result,
atom-probe investigations have been successfully undertaken
by only a few individuals, the device remaining for the most
part a highly specialized laboratory instrument. It is the
purpose of this paper to describe a new and simple atom-
probe which permits rapid, in depth species identification or
the more usual atom-by-atom analysis provided by its
predecessors. This has been accomplished with an instrument
having a volume of less than two liters in which tip move-
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F16. 1. The atom probe and associated electronic circuitry. Imaging is
done at the detector, eliminating the need for a probe hole or a mecha-
nism to move the specimen. The ions produced at the specimen surface
are accelerated toward the copper electrode and are decelerated between
the copper electrode and the entrance to the drift region. As a result, the
ion energy in the drift region is determined only by the bias voltage
+ V4. The evaporation pulse amplitude and duration are no longer
important. By observing the desorption image directly, evaporation
rates in vacuum can be precisely controlled, and the aiming problem of
previous instruments completely eliminated.
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ment is unnecessary and the problems of evaporation pulse
stability and alignment common to all previous designs have
been eliminated. Although the mass-to-charge ratios of
desorbed species are still determined by a time-of-flight
technique, the drift region has been made an order of
magnitude shorter than that of previous instruments. This
permits the entire surface of the specimen under investiga-
tion to be imaged directly at the detector, and a novel
scheme allows for precise species identification at one or
several preselected image spots during a single evaporation
pulse without the use of a “probe hole.”

PRINCIPLE OF OPERATION

The new atom-probe as shown in Fig. 1 consists of a field
ion microscope with a channel plate electron multiplier
assembly replacing the conventional fluorescent screen. A
bias voltage -+ V 4 is applied to a stationary tip assembly of
conventional design® surrounded by a cylindrical electrode
held at a potential — V¢ sufficient to establish the required
imaging field. An aperture in this electrode, opposite the tip,
permits ions to travel from the tip into a drift region at
ground potential. Between the tip and electrode, ions are
accelerated. Between the electrode and the entrance to the
drift region, ions are decelerated, so that their kinetic energy
within the field-free drift region is determined solely by the
magnitude of the positive bias V 4. If a high voltage pulse of
sufficient amplitude —Vp is applied to the electrode, an
atomic layer is field desorbed from the tip surface,” the
resulting ions traveling from the tip through the drift region
to the first channel plate of the multiplier array. This is in
sharp contrast to the operation of previous instruments in
which the final kinetic energy of the ions produced by the
desorption pulse was determined by a positive bias applied
to the tip and the magnitude and duration of the desorption
pulse itself.

Two modes of detection are possible in the new instru-
ment. If the arrival of the desorbed ions is recorded by
connecting the aluminized phosphor of the channel plate
array directly to an oscilloscope whose sweep is initiated by
the desorption pulse, the travel times of all ions striking the
channel plate can be directly measured. Because of the
short flight path (~10 cm), essentially all of the specimen is
imaged on the channel plate. As a result, all of the ions
produced by the desorption event are monitored at one time,
permitting a rapid evaluation of species concentration over
the entire surface. This is a significant departure from

1034
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previous atom-probe philosophy which restricted ion de-
termination to several image spots at best.

The second mode of detection permits atom-by-atom
analysis but without the necessity of tip movement and
probe hole size considerations common to all previous
designs. Imaging gas is introduced at a pressure of 10~ Torr,
producing a conventional ion image on the fluorescent screen
of the multiplier array. A suitably apertured photomulti-
plier, external to the vacuum system, is placed over a
selected image spot. Its output is differentiated and fed to
the input of an oscilloscope whose sweep is triggered by the
desorption pulse. Now the travel time of only those ions
producing scintillations on the portion of the phosphor
screen opposite the apertured photomultiplier will be re-
corded. If the aperture is equal in size to a single image spot,
atom-by-atom analysis is possible; and if several apertured
photomultipliers are used, atom-by-atom analysis can be
obtained at several different locations. This provides a
capability unavailable with all previous instruments in
which different crystallographic locations could be examined
only by moving the emitter after the evaporation pulse had
altered the surface and presumably the location of adsorbates
of interest.

Since the ion energy is determined solely by the dc bias
applied to the tip and is not affected by the amplitude or
duration of the desorption pulse, pulse requirements are
noticeably relaxed over previous designs. In fact, the only
important requirement is that the pulse is of sufficient
amplitude to cause the desorption event and that its risetime
is comparable to the uncertainty in the measurement of the
ion travel time, thereby eliminating a possible source of
timing inaccuracy. If the drift distance is known, the mass-
to-charge ratio of detected species can be shown to be
simply

m/n=Ce C=(0.193/d)V 4, )

where d is measured in m, V4 in kV, ¢ in usec, and m/n in
amu. If V4 is held constant, the travel time for each ion
species will be constant and the repetitious m/n calculations
of previous atom probes can be eliminated.® In practice, V 4
is usually fixed at 3 or 4 kV. As the tip radius changes from
successive evaporations, the bias voltage V¢ is increased to
maintain the required imaging field.

The choice of the drift distance, d, is a compromise. It is
made as small as possible so that the divergent field-ion
image occupies all of the channel plate, while being large
enough so that a reasonable bias voltage will provide
adequate resolution and ion travel times within the capa-
bility of a high speed oscilloscope. Obviously, if the bias
voltage is too small, the ion kinetic energy will be small and
external magnetic fields will affect the resulting trajectories.
Fortunately, for a bias voltage of ¥ 4= 50 V, the deflection of
an ion at the channel plate due to the earth’s magnetic field
is negligible.

APPARATUS

The new atom probe is shown in Fig. 2. The specimen to be
examined is mounted in the usual fashion at the base of a
glass cold finger and surrounded by a copper cylinder to
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F1e. 2. The atom probe. Photomultiplier and fiber-optics light
pipe have been removed for clarity. Note the use of 7 cm vacuum
components.

which the negative bias and pulse voltages are applied. When
liquid nitrogen is introduced into the cold finger, the copper
cylinder contracts and soon reaches 78 K, enhancing image
brightness by precooling the imaging gas, thereby improving
thermal accommodation with the emitter.® Spaced less than
2 mm away is an aperture which defines the entrance to the
drift region. The entire assembly as shown is fabricated from
inexpensive high vacuum components and is easily pumped
to 1079 Torr by a 2 cm trapped oil diffusion pump after a
mild bakeout at 200°C for 2 h. A molybdenum getter cooled
to 78 K keeps the pressure in the instrument at 3X10~° Torr
or lower for a period of several hours without pumping. A
microleak valve connected between the system and a 1 liter
flask of research grade helium provides the required imaging
gas. The use of a channel plate detector permits imaging gas
pressures of 1078 Torr or less, eliminating the need for the
more elaborate differentially pumped instruments previously
described. Although these low pressures insure an adequate
mean free path for ions between tip and detector, the imaging
gas is often pumped out before field evaporation to eliminate
scintillations on the channel plate screen caused by the
imaging gas ions.

The evaporation pulse is supplied by a pulse generator®
having a pulse amplitude of 0~—20 kV, a pulse width of
200 nsec, and a risetime of less than 5 nsec. The generator is
manually triggered and supplies single pulses as required.
Since changes in pulse amplitude or duration only affect the
evaporation field and not the ion energy in the drift region,
carefully terminated pulse lines are no longer a requirement
for successful atom probe operation. The elimination of the
severe pulse requirements is extremely important since pre-
vious work has clearly demonstrated the problems as-
sociated with less than ideal evaporation pulse waveshapes.!
To insure that a minimum and constant delay time is
present between triggering the pulse generator and the start
of the oscilloscope sweep, the pulse is monitored within 2 cm
of the tip by an in-vacuum FET emitter follower" which
provides the oscilloscope trigger. The bias voltage V 4, which
determines the ion kinetic energy, is set by an ultrastable
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dc power supply!? with 0.0019, regulation and a ripple of less
than 200 mV.

The detector was assembled from two 75 mm channel
plates,’*1% each cut at a 5° bias and placed in a chevron
configuration 3 mm from a deposited P5 phosphor screen. A
grounded mesh of 909 transmission was placed in front of
the input plate. With 700 V across each plate and 3 kV be-
tween the output plate and screen, a gain of 10% could be

Fi6. 4. Ton image at output of channel plate taken through 909,
transmitting mesh. Imaging at the detector permits any number of
meshes to be inserted in the ion’s path since their effect can be visually
determined. 6.7X107¢ Torr He (78 K), V4=9.39 kV, V¢=0 (upper);
Va=35kV, Ve=4.4 kV (lower).
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Fre. 3. Undifferentiated output of photomultiplier
(upper trace), total decay time of phosphor after increase
in intensity due to arrival of final ion species is approxi-
mately 1 psec; differentiated output (lowertrace) 600
nsec/div., m/n=184/3 (W), Va=4 kV, V¢=8.75,
Vp=3 kV.

obtained. Ton feedback prevented operation at higher gains,
strongly suggesting that one should employ the plate con-
figuration used in a commercially available array having
lower noise at higher gains.! The grounded mesh at the
input permitted the first plate to be held at a large negative
voltage so that the screen, at ground potential, could be
connected to an oscilloscope. P5 phosphor was chosen be-
cause of its rapid risetime and its spectral response which
almost exactly matches the RCA 4615 photomultiplier used
as a scintillation detector for the single species mode,
thereby maximizing over-all sensitivity.

A differentiator at the oscilloscope input extracts the fast
risetime phosphor scintillation due to the arrival of desorbed
ions from the longer time phosphor decay characteristic
(see Fig. 3).

AIMING CONSIDERATIONS

Because the detector images the ion pattern, aiming re-
quirements are greatly simplified over previous designs. For
example, the displacement of the ion image by a change in
the ratio of tip to shield potentials!” is immediately apparent
(see Fig. 4) ; therefore, the photomultiplier can be positioned
over the shifted image spot. It is this capability of selectively
positioning over the shiffed image'® which makes the elec-
trode configuration of the present design feasible as opposed
to an earlier instrument'® in which a similar pulsing technique
could cause ambiguity if preselected sites were to be
examined.

In addition, by photographing the image produced by the
desorbed ions® at the detector (see Fig. 5), a precise position
for each desorbed ion can be recorded. Using this informa-
tion, single preselected atomic sites can finally be examined
by placing the photomultiplier at the position of the desired
desorbed ion image spot, thereby solving the fundamental
aiming problem of all atom probes—the difference in position
between the imaging gas and desorbed ion image. In the past,
although recognized, this aiming problem has been largely
ignored because of the tedious trial and error approach
which had to be used to determine the correct probe hole
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Fi1G. 5. Desorption image of tungsten at 78 K. V,=12 kV, V.=0.5
kV, Vp=2 kV, P=1.3X10"® Torr. P1+P5 phosphor screen. Image
recorded by direct contact of Polaroid (ASA 10 000) film with fiber-
optic faceplate of detector (Bendix CEMA, operated at 1700 V)
Vp adjusted for gentle evaporation of 110 plane. By visually observing
the desorption image, the evaporation rate in vacuum can be accurately
selected. Bright area near 110 plane is a detector anomaly.

position.?! Often, the probe hole was made much larger than
the selected image spot to insure that ions were detected and
although this corrected for the uncertainty in the desorbed
ion’s position, it never allowed the atom probe to be used as
originally intended—for the detection of a single species
preselected at the discretion of the investigator.?

CALIBRATION AND RESOLUTION

Calibrating the new atom probe is somewhat easier than
calibrating earlier instruments’® because the ion energy is
determined only by an ultrastable dc power supply. As a
result, since the drift distance can be accurately measured,
the only significant uncertainty can be in the travel time
measurement caused by cable, pulser, and sweep delays.
This means that Eq. (1) should actually be written as

m/n=C(1+3)2, C=(0.193/d)V,, d=0.112m. (2)

One simply chooses §, which could be positive or negative
depending on the nature of the delay, so that Eq. (2)
predicts the correct m/n value for a known species. Then,
provided 6 is a constant, Eq. (2) can be used to determine
the identity of unknown species. In the present instrument
6=-40.0914-0.005 usec and is constant. It should be noted
that the drift distance, d, in Eq. (2) is not strictly a constant
but depends upon the position of the ion at the channel
plate. This is due to the divergent ion trajectories between
the tip and the planar grid which defines the end of the
drift region. That is, an ion forming an image spot at the
extreme edge of the pattern travels a longer distance than
the identical ion forming an image near the center of the
pattern. By placing a photomultiplier over an image spot at
the center of the screen and then over an image spot at its
edge, the shift in travel time for a given single species
resulting from the different drift distance can be directly
measured. In the present instrument this amounts to
A=20.060 usec and can accordingly limit resolution when the
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F16. 6. Direct output from channel plate showing all species present
(200 nsec/div.), V4=4 kV, V¢=8 kV, Vp=3 kV, 6.7X107¢ He. Be-
cause peak amplitudes change by only 10-159, during successive
sweeps, abundance ratios within this uncertainty can be obtained. For
example, W4/ =0.1.

output of the channel plate is connected directly to an
oscilloscope, thereby recording the travel times of all
desorbed species (see Fig. 6). Fortunately, the problem can
be eliminated by using a hemispherical grid in place of the
planar mesh now used. The drift distances would be the
same if the tip was placed at the center of curvature of the
mesh, although the distance and resulting travel times for
ions between the mesh and first channel path would now
depend on position. But since the nominal travel time be-
tween mesh and channel plate is small compared to the
travel time in the drift region, such differences would be
unimportant in calculating the mass-to-charge ratio of
observed species.

The expected mass resolution in the single-atom mode at
any image spot can be obtained directly from Eq. (2), noting
that the only variable is the travel time ¢. That is,

Alm/n) 24t
m/n (14-8)

Consider the result obtained by singly differentiating the
output of a photomultiplier when examining several image
spots of a tungsten emitter by using a large aperture in front
of the photomultiplier. One finds from Fig. 7 that for
At=0.04 usec, t=1.06 usec, and §=-40.091

A(m/n)

—F=0.07
m/n

or

A(m/n)=4 amu at m/n=184/3.

F1G. 7. Differentiated photomultiplier output, 200 nsec/div. Maxi-
mum peak separation on successive sweeps due to maximum isotope
separation W3 (m/n=184/3), V4=3 kV, V=7 kV, Vp=3 kV,
6.7X107¢ He.
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Although the individual isotopes cannot be resolved, the
resolution is adequate for many applications. Preliminary
results indicate that single isotope separation is possible if
another derivative of the photomultiplier output is taken.
Of course, increasing the drift distance for a given ion
kinetic energy will also increase resolution. But without a
lens to focus the divergent ion trajectories or a means to
move the emitter with respect to the channel plates, only a
small portion of the entire imaged surface could be examined
at one time. If the ion energy could be reduced by setting
V42250 V, travel times in the microsecond range would be
obtained with correspondingly improved resolution. This
would be possible by replacing the present, simple electrode
configuration with one that would permit a smaller ratio of
tip to shield potential without image distortion.

As with any instrument employing an electron multiplier
for a detector, absolute ion abundances, or even relative ion
abundances, cannot be directly inferred from the amplitudes
of the ion peaks. This results from the statistical nature of
the multiplication process. However, in the present instru-
ment one observes only a 10~159%, variation in the amplitude
of an ion peak during successive desorption events when the
entire desorbed image is monitored. Within this uncertainty
the amplitude of a peak resulting from a single ion impact
can be deduced by summing the amplitudes of all peaks
observed during a single desorption event and dividing by
the number of image spots. Assuming that one desorbed
layer is produced during each desorption event, and that the
detection efficiency for all species is equal, a result of
0.6 mV/single ion impact is obtained.” Such a number is
difficult to obtain with the conventional atom probe since it
provides no information as to the actual number of ions
which strike its detector during a single desorption event.
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