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Chapter 5.

DESORPTION HMICROSCOPY AND THE ATOM-PROBE.

bl Aiming Errors.

Field-desorption miorosoépy is the imaging of a
" field-ion specimen surface by the detection of the arrival
" positions at a microscope screen of field-evaporated metal ions
5 or of desorbed gas ions 3 field-evaporation microscopy might
.'perhaps be a better name for the former,self-imaging, process.
' Phe work on desorption microscopy described in the following chapters
was promptéd by a series of discussions on the design and use of
1 atom—pfobes held in the Cambridge Field-Ton Group; Dr. T.D. Boyes,
‘ Dr, M.J. Southon, Dr. P.J. Turner, lir. A.J. Watts and Kr. D.A. Coppell
participated in these discussions and made valuable contributions
' 0 them,

As described earlier in this dissertation, the atom-probe
FIX is operated by using a probehole in the microscope screen
'vto select a pulse-field-evaporated ion from a varticular feature
;on the specimen surface; the selection is achieved by manipulating
'the specimen until the field-ion imege of the feature lies over the
;probe—hole. However, it has long been realized (Penitz 1969) that
tf}:he trajectories of the imaging-gas ions and of the field-evaporated
etal jons need not be identical. Attempts have been made to measure
,ifferences in trajectories, or ‘aiming errors', (Panitz 1969, Brenner
: d MeKinney 1970) by attempting to correlate the disappearance
of on atom from the field—ion image with the arrival of an ion
the atom-probe detector. These measurements were necessarily
dious, as very low evaporation rates were essential, and they

e restricted to regions of the image where there wos good
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280,

atomic resolution - thus precluding studies of such important

systems as precipitates and solid solutions, where irregular

images are frequently observed. Precipitate particles, which

commonly have a different evazporztion field to the matrix and

.

therefore protrude from or are recessed into the specimen surface,
might be expected to have different aiming errors to the bulk,
vhich could lead to spurious analyses:-—

Regions of pensihle

W‘ilaf in brajectvries

of malr'ss and precipitate

Lom s

m‘i\ﬂ:k

'Prec.'.,’ibul"cc

Similarly, it is known (e.q. Howell I937)
that there may be a discontinuity in specimen profile when a
grain boundary intersects its surface; this could lead to difficulties
in the detection of impurity atoms which have been segregated
to the boundery, as it is not immediately obvious wheat trajectories
such impurities would follow in the locally-distorted field
near the boundary.

Further limitations to conventional atom-probing
stem from the use of a small-probehole. This is typically 1-2 mm in ,
diameter in a 50 or 75 mm diameter channel-plate, and subtends
an angle of 1 or 2 degrees at the specimen. Analyses verformed
using such small probeholes zre essentially performed on a thin
pencil of specimen material; this is useful vhen 2 matrix or i} |
large precipitates protruding from it, but is less useful when ii;
attempting the analysis of thin surface films, thin platelet ;
precipitates, modulations in comvosition of ordering 2lloys (Taunt '

1973), or grain boundary segregantss In these situations either -~
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an inadequate statistical semple of ions is obtained before the
specimen is destroyed, or the detection of a small number of ions
is hampered by the lack of certain knowledge about the aiming error

associated with these ions.

5.2 Alternative Tyvnes of Atcm-Probe.

Two possible solutions have been proposed for the
iproblems posed in the last paragraph. The first (Regan et. al. 1972)
is particularly suitable for thin film analysis. It simply uses
an enlarged probehole, and employs a lens system to ensure that
ions entering the drift tube are focussed on the deteétor. 1f
single;particle counting is employed to »nrovide an accurate mass—
spectrum, &s in the simple atom-probe, = very low evaporation
rate has to be employed to prevent fhe simultaneous arrival of
several ions at the detector: however, the normel field-ion
current is now large, with the enlarged probe-hole, and would
produce unacceptable noise on the spectrum. This problem was solved
by introducing a deflectioﬁ system to separate the field-ionigzed
gas from the higher-energy pulse-evaporated metal ions. 4An alternative
technique would be to abandon particle counting and digital timing,
and to use a large evaporation pulse, so thet the mass spectrum
would be obtained as an znzlogue signal from a suitable detector
(an electron multiplier or a channel—plate/phosphor/photomultiplier
combination). This is largely the approach in the secbnd new type
of atom-probe.

This second type of atom-probe (Panitz 1973) attempts to
simultaneously mass—analyse ions from a large area of the specimen
while preserving crystallographic information on their source position.

Ions pulse-evaporated from the specimen are decelerated to 3 ¥V in
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a lens and drift to a detector formed from a curved 'chevron'
channel-plate pair, which outputs electrons onto a fast vhosphor
deposited on a fibre-optic window. A mass spectrum may be obtained
from the screen current. Individual atons may be selected from

p
the normal field-ion picture, after making due allowance for
aiming errors, by positioning a light-pipe connected to
a2 photomultiplier-at the correct point on the fibre-optic window.
vAlternatively, a particular mass species may be selected by gating
the channel-vlate on for a short interval at a preset time after
the evaporation pulse, and photographing the scintillations
produced on the phosphor.

This ;ast technicue would be particulerly useful for the
study of grain-boundary segregation and perhaps the study of ordering
alloys, perticulerly if the low mess resolution of Panitz's original
instrument could be improved. To extract the maximum of information
from en analysis it would be necesszry to learn the chemical

identity and original lattice site of each atom in a sample are:

0~

j$V]

of the specimen. However, although this information would be very

desircble, it was not clear whether this information could be

obtained from a Fanitz-type atom-vrobe. Two imnediate diffipulties

may be seen: first, the limited detection efficiency of the

chennel-plate assembly, end second, possible 'scrambling' of

positional information between the tip and the detected image,

as a result of voriations in aiming errors. Walko and Muller (1972),

vho demonstrated the possibility of constructing a desorntion

micréscope using e channel-plate and an external imege intensifier

to detect the ions, estimeted their d-otection efficiency as about i
50 % s 28 limited by the open sensitive area of the channel-plate.
They attributed their failure to see regular lattice planes in the

desorption image to the random loss of lattice points by the channel-

nlate._
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5.3.1 Objective: Avparatus.

In view of the arguments briefly discussed above, it
was decided that o careful study of field-desorption nicroscony
might lead to useful information on aiming errors, pcrticularly
for the complex svecimens described ‘above, 2nd would be a useful
preliminary to any attempt to use a Fanitz-tyve atom-probe for
metallurgical work.

Although Walko and Muller (1972) used = channel-plate
and a costly image intensifier, and Panitz used a chevron channel-plate
vair to record single ions, it was realized that useful results
could be obtained in the first instance by using a single channel-plate
at high gain, with fast optics to couple a film to the phosphor
screen, as described in Chapter 2 above. A magnétically—focussed
chanmel-plate image-intensifier, which has a higher accelerating
potential than the proximity-focussed device used for the energy-

| enalyser, was thought to be desireble, as the electron energy at

the phosphor is higher, leading to a brighter image and a slightly

:.higher probability of recording single ions(Turner et al 1969).

It was decided to use a UHV field-ion microscope which was fitted

| with such an intensifier, gnd which has been described elsevhere
:‘(Boyes 1974). The Dallmeyer f 1,9 and Canon f 0,89 lens and camera
lcombination described in Chapter 2 was used to record desorption
imeges oﬁ Kodak Tri-X or 2475 film, which were processed as described
kabove. As‘in the energy-enalyser exnieriments, it was found that

12475 had no significant advantage over the chearer, but marginally
slowef, Tri-X, which is well-matched to the P11 phosrhor used

ihlthe intensifier and which is convenient to handle. Tri-X

was used for the majority of the work to be described.
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f.3.2 Bxperimental Techniaue.

As an ordinary field-ion microscope was used in these

experiments, i+ was possible to compare the normal field-ion

image of a surface with a desorption, image of the same surface,

thereby obtaining a direct measure of aiming errors from all

perts of the specimen surface . simultaneouslye In order to distinguish

between field-desorbed ions and field-ioniged g28 jons, the image

gas was pumned out using a mercury diffusion pump pefore desorbing
rcered from the shutter

any materials the evaporation pulse was trigge

contects of the camera, at an exposure time of 1/60 second, so that

both channel—plate noise and noise from jonized residual gases

vas minimized. The residual gas pressure, ith both inner and

outerrdewars cooled to 78°K, was typically 1 10—9 Torr or below.

E
L ven with a channel-plate voltage of 1500 volts and 2 screen voltage

of 10 KV, vefy few random ions were recorded on film when the

camera shutter was operated without pulsing the specimen voltage.

15 nS, 80 pS, and 550 pS pulses were coupled to the tir

using a 500 pF courling capacitor in the usual way, with a

high-voltage current-limiting resistor of 1 GJbetween the

specinmen and 2 30 KV Brandenburg E.T. set. Similar results

%t at very high

were obtained with each of the pulse lengths, eXCe:

evaporation rates, as will be discussed belov.

' 5.3.3 Results.
to helium imege

A tungsten surface which had been exposed

;gas was found to produce pulse—evaporated ions at a slightly

~ lower field than was necessaly for subsecuent vacuun field—evaporation.

Comparison of helium imoges of the surface before and after

pulse—evaporation in vacuo showed that tungsten atoms were

]

e




Fige. 5.1
o ; : 5 o
Tungsten pulsed-field desorption micrograrhs, 78 K.
a) Helium image of specimen b) Typical desorption microgranh showing

110 ring structure ¢c) 200 -type image after exposure to helium

d) Atypical irregular image, due to a change in specimen vprofile.
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removed from the surface as well as field-adsorbed .helium,
as was expected from atom-probe results (Muller et al 1949).

The evaporation field was lowered by approximately % by

exposure to helium before evaporstipon in vacuum. The image-points

produced by desorbed helium ions and tungsten ions could not, of
course, be distinguished in this experiment.

Some typical desorntion images are shown in fig(5.1),
with a helium image for comparison. A system of rinéé centred
on {llO} rlanes was the most commonly observed tyve of vattern,
especially after repeated evéporation in vacuun (fig(5.1b)).
Square patterns centred on {EOO} planes could be obtained vhen
the svecimen had been exposed to heliumy there is presumably
a sliéht change of specimen endform when this type of pattern
is produced. Occasionally, particularly at low evaporation
rates or in poor vacua, evaporation occurred irregularly'
across the surface, producing an intermediate type of desorption
image (fig(5.1d)). Similar patterns to those in fig(5.1b and c)

have been reported by Walko and Muller (1972) and Panitz (1973).

He3.4 Measurement of Aiming Errors for Tungsten.

Aiming errors for the {1103 ring-type desorption
could be simply measured (for the radial direction) by measuring
the diameter of each helium image ring before desorption, and
comparing it with the diameter of the corresponding ring in the
tungsten desorption image. A plet of dHe/ddes. versus ring number,
counting out from the centre of the (110) vlane, was made for three
different zones and is shown in fig(5.2). The diameter of the
[ relatively thick helium image rings which was ta'en was the mean diameter.

Care was taken to ensure that no changes in magnificotion

e

=it ‘-_"
e e

e
N




7,;‘(9. 5.2




86.

"--of the images had occurred, due to the change in tip potential
:during the pulse, as a result of the low negative potential
'_'which is applied to the front of the channel-plate in the '
‘ design of intensifier which was used. It was found that the {?’222
- planes in the helium and desorption images coincided to within i
the 1limits of measurement. As can be seen from the grash, the
;aiming error varies with distance from the centire of ‘the plane,
_;and may be as large as 25 % of the ring diameter for the central I
i"ring. The diameters of the rings in the desorvtion image were
;less than those of the corresponding rings in the helium image.
;This agrees with Brenner and McKinney's conclusions (1970); they
"vj'found that they detected tungsten ions when they positioned

,the pr‘obe—hole of their atom-probe slightly on the inside of the
hellum image of a {110? ring. A plot of dn /d K where the ,
V superscript indicates the helium ring after the desorption, was q
'also made, and is shown in the figure. It is seen that the ratio

Eis still greater then unity; this jllustrates the fact that the
'desorption image cannot be simply regarded as a tungsten field-ion
';image of the surface remcining after evaporation, as might be supposed.

‘It should perhaps be emphasized that a 25 % aiming error for the

f entral ring is in fact quite a small effect; the diameter of
_' he ring was only some 40-20 ﬁ, so the atom-probe probe-hole would
only need to be cimed some 5-8 % closer to the centre of the plane

1o catch the ions from the ring.

.3 5 Detection ifficiency.

Ses ke aSYC———

Mensurenent of aiming errors in the relatlvely flat {110}

region of tungsten wWas fairly easy, as many ions were available,

SFETTES TR

forming clearly-distinguished rings. However, as originally

pointed out by Bremner and lcKinney (1970), when the local curvature



Fige 5¢3

.

Sequence of pictures jllustrating the successful detection

of a cluster of atoms desorbed from (110). a) Helium image of tungsten

specimen, showing cluster b) Desorption image c) Helium image after

desorption. There is a 11it-up' channel Enside the central 110 ring.
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of the surface 18 high, as for the {2222 planes in tungsten,

the evaporation of a complete plane is expected to produce only

a few well-senarated ions on the desorption image, &s the plane 1is

small and highly—magnified. This effect was observed, and limited
fattempts to determine the detection efficiency by evaporating

a ?2?3 plane and attempting to correlate the removal of the
}well—resolVed atoms from the plane with the arrival of ions in the

corresponding region of the desorption image. The situation Was

| further complicated by the impossibility of discriminating between

:field—adsorbed helium and tungsten atoms. Attempts to superpose
consecgtive vacuum desorvtion images £ailed to produce any satisfactory
 evidence for the aiming—-errors associated with {222} planes OT for

| the overall detection efficiency of the system. TwWO modifications

lio the experiment were therefore tried.

In the first, the specimen was evaporated until only a

small cluster of atons remained at the centre of the central (110)

plane, The image gas was removed, and a small evaporation pulse

applied. The image gas wWes then readmitted, to see whether the
cluster had been removed or note An example of the results is

shown in f£ig(5.3). In this exanple ions were detect

image close to the position of the original clusters frequently

this was not the case, and either no ions attributable to the

placed from the centre of the

cluster were detected, or they were dis
plene.There seemed to be a better chance of detecting the ions
¢lose to the helium image of the cluster if & relatively large

eveporation pulse was used. This seems 10 sugcest that at

pulse-heights there is a vossibility of the cluster nigrating

some distance acToOSS the vnlane before desorbing, and th~t this
. o * . o . . .
effect, in combination with the less—than-100 % detection efficiency,

ed in the desorption

intermediate
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was responsible for the frequent failure to detect ions from the cluster
in the exvected central position in the image. This result

wes not entirely unexpected, as Turner (private communication)

had observed that positioning the atom-probe probe-~hole directly

over the centre of the tungsten (110) plane leads to a particularly

low ion catch-rete. Boyes (1974) had also observed that in gold
specimens the last few atoms to eveporate from a {200; plane

frecuently migrate considerable distances before desérbing; this

was observed under neon imaging conditions at 20°%, Therefore the
feilure to detect the evaporated clusters conclusively may be due to

1) genuinely low detection efficiency

2) diffusion of the cluster before evaporation

3) evaporation of the cluster from the centre of the plane,
but subsequent deflection, as by coulomb repulsion between atoms
eveporating simultaneously.

@vidence that one of the latter two reasons is the correct
one will be presented below.

The second attempt to determine detection efficiency was
nmade by attempting to evaporate a conplete {?22391ane in a single
pulse, to see if the net plane structure couid be resclved. Vhen this
was done, by using a large evenoration pulse, two things becane
apparent. First, its was sti11 difficult to correlate the few
desorbed ions detected in the {222}regions with the correspouding

atons in the helium image. Second, and more important, was the fact
that when large cuentities of material (1 or more central {110§planes)
were removed per pulse, the intensity distribution in the desorption
image was not simply a slovly-varying gradation, with density inversely

proportional to the local magnification, as might be exvected.

Instead, a merked pattern of dark lines begen to be ap arent.



Fige. 5.4

A sequence of tungsten desorption micrographs with progressi

less of the specimen being evaporated to form the image.
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Raising the size of the evaporation pulée, to increase the thickness
of the shell of material removed from the specimen, simply
accentuated the dark lines, rather than removing them. A seguence

of desorption images (fig(5.4)) taken with a fixed pulse height and

standing voltage, in UHV, illustrate that the structure wvhich

is clearly seen in the high-coverage pictures is not evident in
the low-coverage pictures merely because of the lack of sufficient
image points to delineate it. This result was confifmed by
a method which will be described below. It will also be confirmed
that the structure in the desorntion image is not due simply
to a change in the profile of the specimen, due to changing evaporation
rete or other effects. The structure in the desorption image may
be ob%ained on meny consecutive vulses, if the number of ions
in the desorption image is maintained by increasing the standing
voltage or using a suitably finely-tavered svecimen.
Comparable structured high-coverzce desorption images
were obtained from aluminium and molybdenum at this stage (these will
be presented in Chapter 6). It was found that the high brighiness
of the megnetic image-converter is offset by a disadvantage in
this type of exveriment. It was found that the brightest regions
of the desorption imeoges were poorly-focussed; this was a defect
of the canverter, and-not of the external optical system. The
effect was attributed to svace-charge defocussing in the 70 mm
gap between the channel-plate and the phosvhor screen. At a high

3 2

. . P4
ions may arrive per Cm oI

4

the chennel-vlate in 15 nS: assuming & gain of 10", the electron

evaporetion rate, approximately 10

current density ot the output of the plate will be about 10 A/mz.
According to Child's Law (Bleaney and Bleaney 1967) the liniting

current density J in a plane parallel diode is given by
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1
Fm —3— v3/2£o 4% {2 ofm)2

2 850 A'm”2 for the dimensions and voltages of the
present converter. The current density in the converter is sufficiently
near to the absolute maximum for defocussing by space-charge effects
to be a real problem (this will also apply, of course, to an
image intensifier external to the system (e.g. Walko and Muller 5

'1972)). Dr. A.J. Moore and Dr. J. Sprink repeated the exrerinment,

o

using

. tungsten specimen and a proximity-focussed channel-plate

o

intensifier, which has a short electron path in a high electric
field, and this did not suffer ffom eany defocussing even at
very high current levels. The remainder of the work on field
desorption, with a few exceptions, was therefore done using

proximity-focussed intensifiers.

5.4 Summery.

The results obtained at this stage showed that desorption
nicroscopy could provide useful informetion on aiming-errors
in the atom->robe, which are of interest in view of the widening
application of atom-probing to complex specimens of metallurgical
interest. Brenner and McKinney's original conclusions on the
direction of aiming errors in the {iqu region of tungsten were
found to be reasonable, although, as will be expleined in Chapter 8
their explanation of the effect in terms of parallax is not accepted.
Attempts to determine the detection efficiency of the recording
system were not entirely successful, and the disccvery of a
merked and unexpected structure in the desorption images from
tungsten, aluminium, and molybdenum suggested that the apvarently

lov detection efficiency might perhaps have & common origin with

the phenomenon of aiming errors itself. The detection efficiency
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| of the of the microscope was difficult to measure with any certainty,
;but in the light of present knowledge and by comparison with
| the results presented by Walko (1972) and Penitz(1973) the
ldetection efficiency probably lay in the range 30-50%.
p

It was decided that, in the light of these results,
& further study of desorption imaging was vital to the sensible
iuse of the atom-probe in metallurgical systems, and, in view
of the unexpepted structure in the desorption image, would probably
j provide useful information on the mechanisms involved in field-evaporation.
A considerable amount of work was then undertaken, and this

will be reported in Chapters 6 and 7 below.




