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THE STUDY OF DEFECTS AND RADTATION DAMAGE IN SOLIDS

BY FIELD-ION AND ATOM-PROBE MICROSCOPY

by
David N. Seidman
Cornell University, Department of Materials Science and Engineering

and the Materials Science Center,
Bard Hall, Ithaca, New York 14853

ABSTRACT
A brief review is presented of: (1) the basic physical principles of
the field-ion and atom-probe micrbscopes; (2) the many applications of these
instruments to the study of defects and radiation damage in solids; and (3)
the application of the atom-probe field-ion microscope to the study éf the
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behavior of implanted ~He and hHe in tungsten. The paper is heavily referenced

so that the reader can pursue his specific research interests in detail.




1. INTRODUCTION

In this short paper an attempt is made to introduce the readér to
the basic physical ideas involved in.the field-ion and atom-probe field-ion
microscope techniques (§2), and to the applications of these techniques to
the stud& of defects and radiation damage in solids (8§3). The final section
(84) discusses, in précis form, the application of the atom-probe field-ion
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microscope to the study of the behavior of implanted ~“He and 24He atoms in
tungsten. The paper is heavily referenced so that the reader can pursue
his specific research interests in detail.

2. GENERAL BACKGROUND MATERIAL

The invention of the field-ion microscope (FIM) and the atom-probe FIM by

M{iller(l’z)

has provided the experimentalist with tools whichAalloﬁ both. the
direct observation of all the common defects (point, line and planar) on an
atomic séale and_the simultaneous determination of chemical effects on an
atomic scale (the minimum detectable masé is the mass of a single atom).

The atomic structure of the direct lattice is observed for those atoms
which lie on the surface of a sharply pointed (¥2OO to SOOK in diametér) FIM

0 11

specimen; the area imaged is '\'lO—:L to 10~ cm2. The information concerning

the positioﬁs of the atoms is carried to a phosphor screen or a channel elec-

(3,4)

tron multiplier array by an imaging gas which is typically helium or neon.
The imaging gas atoms are ionized, by & tunneling mechanism, in the high local
electric fields (nb.5 V X-l to ionize a helium atom) that exist at the site of
individual atoms as a result of a positive potential applfed to a sharply péinted

(5)

FIM specimen. The positively-charged ions are repelled from the specimen and
then travel along the electric field lines to the phosphor screen which is at

earth potential; typically the phosphor screen is at a distance of between 4 to

10 cm from the FIM specimen. The image formed of the atoms on the surface of
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the FIM specimen, in the above manner, constitutes a point projection image with
sufficient magnificatibn to resolve individual atoms.

The interior of the specimen can be examined employing the field-evaporation
process. The latter process consists of increasing the electric field to a

value such that the potential energy curve of an ion on the surface of the

specimen (this statement assumes that the state in which the metal atoms exist
on the surface of the specimen is the ionic state) is deformed by the applied

field to form a Schottky hump.(6)

‘'The ions then evaporate (sublime) by either
jumping over this small Schottky hump or by tunneling through it; this process

is called field desorbtion or field evaporation. The field evaporation process
can be controlled by applying the positive potential in the form of short (1 to
‘10 msec 1in width ) high-voltage pulses. This latter technique is called pulse
field evaporation; it is possible by this technique to dissect an atomie¢ plane
one or two atoms at a time. Thus, the atoms contained within the interior of the
specimen can be imaged, albeit at the surface, at a rate which is determined by

16 T

the experimentalist. In practice one can examine 10~ to ZLO--l cm3 of material,

during the course of one experiment, via the pulse field evaporation technique.
At Cornell we have developed semi-automated techniques for the process of applying

the field evaporation pulse in conjunction with the simultaneous recording of

large numbers of frames of 35 mm ciné film [(15 to 3O)xlO3

(7)

as developing techniques for the scanning of this film. It is clear, with

frames per day] as well

the advantage of hindsight, that these two steps were essential to the successful

applicafion of the FIM technique to problems in the field of radiation damage.
The invention(e) of the time-of-flight (TOF) atom-probe FIM has provided

us with a. unique instrument for the study of the interaction of impurity atoms or

alloying elements with point, line or planar defects. The TOF atom-probe FIM

(hereafter called an atom probe) consists of an FIM combined with a special TOF

mass spectrometer. This spectrometer allows the investigator to identify

chemically any atom that appears in an FIM image. Thus, it is now possible to



II. Volume Change of Migration (AVTi) of SIAs

a. Measured Av?i for the SIA in W, Pt and Mo in detail. Experiments
were also performed on NihMo and PtSCo bﬁt in less detail.

b. For further details see reference numbers 18, 19, 27, 28, 31, 37,
38, 39, Lo, L1.

III. Binding Enthalpy of an SIA to a Solute Atom (Ahb)

a. Measured AR® by determining a dissociation enthalpy (Ahd) and then
determining Ahb from the expression Ahd = Ahb + Ah?i. The system
Pt(Au) was studied in great detaii and two detrapping stages (IIB

and II,) were observed in Stage II.

C
b. The systems W(Re) and W(C) were also studied but in less detail.
¢. For further details see reference numbers 19, 21, 33, 36, 39, k4O.
IV. Diffusive Properties of Vacancies
a. Measured ratio éf divacancy concentrétion‘ﬁo monovacancy concentrétion
for one guench temperature in platinum specimens.
b. From (a) if was possible to determine the.Gibbs free binding energy
(Agz ) in platinum.
v
¢. Measured vacancy concentration in tungsten specimens which had been
quenched from near the melting point.
d. The measurements discussed in (a) toA(c) are important for interpreting
‘the high-temperature self-diffusion data by point-defect mechanisms.
e. TFor further details see reference numbers 18, 42, 43, Lk, L5, L6,
V. Diffusive Properties of Gases in Metals

3He and hHe in tungsﬁen and platinum.

a. Diffusion of
. . 1 2,
b. Diffusion of "H and "H in tungsten.

c. For further details see reference.numbers 47, 48, 49, 50, 51, 52.



VI. Range Profiles of Low-Energy Implanted Gases in Metals

3Ke and hHe in tungsten and platinum (100 to

a. Range profiles of
1500 eV singly-charged ions).
b. Range profiles of lH and 2H in tungsten.
c. For further details see reference numbers 47, L8, L9, 50, 51, 52.
VII. Point-Defect Structure of Depleted Zones: The Primary State of
Radiation Damage
a. Depleted zones in ion-irradiated metals [W, Pt, Pt(Au)]
(i) Dimensions of depleted zones (Dis)
(ii) Number of vacancies per DZ.
(iii) Vacancy concentration within DZs
(iv) The distribution of lst-nearest-neighbor vacahcy clusters
(v) The radial distribution function (RDF) for the vacancies out
to 9th-nearest-neighbor
b. Effect of projectile mass (Ml) on the structure of DZs at constant
. projectile energy

c. Effect of M, on the structure of DZs at constant reduced energy (g)

1
d. For further details see reference numbers 18, 20, 21, 49, 53, Sk,
55, 56, 57.
VIII. Damage Profiles
a. Ne' (250 to 2500 eV) irradiated Ni)Mo and PtBCo (order-disorder alloys).
Damage profiles determined by measuring the change in the Bragg-Williams
long-range order parameter(S) as a function of depth.
+ + + .
b. 30 keVW , Cr or Mo Irradiated Tungsten.

¢. For further details see reference numbers 38, 49,




IX. Sputtering of Surfaces

a. The sputtering of a metal surface is the result of the inter-
section of.a collision cascade wifh it. In this work we com-
pared the vacancy structure of depleted.zones, produced by 30 keV

W+, Mo+, Crf, Cu+ or Ar+ ions, that were found to have intersected

the surfaée of a tungsten FIM specimen with the depleted zones
found in the bulk of the specimen.
b. For further details see reference number 5T.
X. Voids in Neutron-Irradiated Metals [Mé, Mo(Ti), Fe(bu)]
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a. Void number density: need a number density of %lol7cm in order
to be able to make measurements.
b. Void size distribution: same comment as in X.a. applicable.
c. Direct observation of segregation.
d. Fof further details see reference numbers 58, 59, 60.
XI. Distribution of SIAs in the Primary Damage State
a. SIA distribution in ion—irfadiated tungsten (30 keV W+, Mo+, Cr+).
b. Range of replacement collision sequences. (RCSs)
c. For furthef details see reference numbefs 53, 61.
L. RANGE PROFILES OF LOW-ENERGY (100 to 1500 eV) IMPLANTED 3He AND hHe ATOMS
AND THE DIFFUSIVITY OF 3He AND l‘He IN TUNGSTEN

" 4.1 General Background

Current interest in the fundamental properties of helium in metals has
been generated by the materials problems associated with the development of
the liquid-metal fast-breeder reactor(62) and the controlled thermonuclear

(63)

reactor. Hdwever, because of a lack of appropriate experimental techniques

the investigations of the range of low-energy (<1 keV) implanted He ions and



the diffusivity of He in metals have been largely theoreticalﬂ6h-66) Measure-

ment of the range profiles of implanted He ions have been confined to energies(67)
>1 keV; furthermore, the measurement of both the range profiles éf implanted He
and the diffusivitylof He in metals have relied exclusively on the trapping of
He at lattice defects introduced as a result of heavy-ion irradiation.(68)

The accomplishments éf our research on helium implanted in tungsten
were: (l) the establishment of the ability of the atom-probe fIM to detect
either implanted 3He or hHe atoms retained in a perfect (i.e., totally defect-
free) lattice; (2) the detection of the presence of an isolated and immobile
3He or hHe atom in a perfect tungsten lattice; (3) the measurement of the
range profiles of low-energy (100 to 1500 eV) implanted 3H¢ or hHe atoms in a
perfect tungsten lattice; and (4) the measurement of the diffusivities of 3ke
and l+He in a perfect tungsten lattice.

The basic physical ideas involved in the experimental procedures are
illustrated sequentially in Fig. 1. A single-crystal W FIM specimen, at an
irradiation temperature (T;), was irradiated in situ with e or hHe+ ions -
parallel to the [110] direction as shown in Fig. 1(a). To study tﬁe diffusional

behavior of either 3

He or hHe in tungsten it was necessary to implant the helium
under the condition of no radiation damage. For -example, a 300-eV hHe atom cén
transfer a maximum energy of 25 eV to a W atom in a heéd-on two-body ‘elastic
collision. ©Since the minimum displacement energy for the production of a stable

(69)

Frenkel pair in W is %ME eV , no self-interstitial atoms (SIA's) or vacancies
are created at an implantation energy of 300 eV for either 3He or l‘LHe. Thus

for the diffusion experiments a standard implantation energy of 300 eV was - .

. employed. With no SIA's or vacancies preseﬁt to act as trapping centers, implanted
3

He or l+He atoms can remain in the specimen only if 3He or l‘LHe is immobile at Tj.

Thus, the state of the W specimen after an implantation consisted of immobile



interstitial 3He of l‘LHe atoms implanted in a perfect W lattice with a depth
distribution thaﬁ was determined solely by the range profile of the low-energy
ions. DNext the specimen was analyzed chemically, by the atom-probe technique,

3

at a standard reference temperature (T,.), where T, < T;, and a “He or hHe integral

profile was plotted as shown in Fig. 1(b); this was an integral profile since it

3

measured the cumulative number of “He or hHe atoms as a function of the cumulative

number of W atoms (depth) from the irradiated surface. The depth scale was con-
verted from cumulative number of W atoms to angstroms  from the measured number of
W atoms per (110) plane contained within the cylindrical element samples; see

3ke or hHe range profile, Fig. 1l(c), may be constructed

Fig. 1(a). Finally the
by taking the first derivétiVe of the integral profile shown in Fig. 1(b); or
alternatively by plotting a frequency distribution diagram.

- A novel technique for the determination of an absolute depth scale was
developed; Fig. 2 schematically illustrates the method. During the atom—prob¢
analysis the specimen was oriented and the magnifiéation édjusted so that only
the central portion of the W(110) plane was chemically analyzed. The specimen
was then pulse field evaporated through the repeated application of high~voltage
pulses. Three successive stages in the pulse field evaporation of one (110) plane
are indicated in Fig. 2(a). As the plane was pulsed, field-evaporated atoms were
detected és indicated by the positive slope in Fig. 2(b). When a plane was com-
pletely evaporated the slope of the curve in Fig. Q(b) returned to zero. There-
fore the removal of one (110) plane resulted in a single-step increase in the
plot of the number of W atoms detected versus the number of field-evaporation
pulses applied to the specimen. Since the W latticevwas employed as a depth

marker, the absolute depth of each implanted 3He or hHe atom from the initial

' o
irradiated surface was measured to within one (110) interplanar spacing (A2.2L A)



independent of the total depth of analysis. Thus the spatial depth resolution

of the atom-probe technique is limited solely by the interplanar spacing of

the region being analyzed.

L

4.2. Integral and range profiles of low-energy implanted 3He and 'He atoms

In this section we present a number of integral profiles and range

3He and hHe which had been implanted in tungsten at 60 K.

profiles for both
The term integrgl profile reflects the manner in which the data was recorded

[see fig. 1(b)], whereas the range profile was constructed by plotting a
frequency distribution diagram from the integral profile [see fig. 1(c)].

The range profile can also be obtained by drawing a smooth curve throuth the
integral profile and taking the first derivative of this curve. In all cases

we have obtained the range profile by the former rather than the latter technique.

3

Figure 3 exhibits ~“He integral profiles for the implantation energies

100, 500 and 1500 eV; the 100 eV profile is a composite of two integral profiles

15 ion cm_e; both the 500 and 1500 eV integral pro-

p

each with a dose of L.7x10
files were obtained after implanting to a dose of 3xlOl ion cm_2. In fig. b4
we show a composite range profile for 300 eV 3He iens; this range profile was

3

constructed from seven integral profiles and includes a total of 385 He events;
the values of the mean range (x) and the straggling (Ax) are 54.9 and 41.5 Z
respectively.

Figure 5 exhibits hHe integral profiles for the implanation energies
150, 500 and 1000 eV; the 150 eV data consists of a single integral profile for

p

a specimen that had been implanted to a dose of 3x10l ion cm-2; the 1000 eV

data is for a single integral profile for a specimen that had received a dose

15

of 4x10 ion cm_e. In fig. 10 we show a composite range profile for a 1000 eV
He implantation; this range profile was constructed from three integral

range profiles and includes a total of 147 hHe events; the values of x and

o
Ax are 133 and 104.2 A respectively.




All of the 3He and hHe integral profiles exhibited positive skewness as

(70))

expected for low-energy irradiations (Biersack and Haggmark ; this implied

(7)

that the mean range was greater than themost probable range (or mode) and
that the majority of the large deviations were to the right (positive) side of

X. The coefficient of skewness is related to the third moment about X and is

1 :

(7 )) by: : ; (x -2)3

. i

Coefficient of Skewness = i:;—————?;- . (1)
N(Ax)

given (Parratt

where X, is the measured depth of the ith detected helium atom from the initial

irradiated surface, N is the total number of helium events detected and Ax is
the standard deviation or straggling.
The values of x and Ax were calculated directly from the integral profiles

3He and hHe implantations. The values X and Ax were referred to as un-

for the
corrected quantities. The reason for this is that X and Ax must be corrected

for the following systematic errors: (1) the random arrival of helium atoms at
the surface of the specimen, from the residual partial pressﬁrg of helium,

during the atom-probe analysis of the irradiated specimen; and (2) the effect

of thé finite curvature of the FIM tip. A detailed analysis of the above effects
(72),

is given elsewhere (Amano, Wagner and Seidman , where it was shown that the
corrections to X and Ax were very minimal in our experiments. Thus we shall not
employ’the word uncorrected any further in this paper.

Figure T exhibits X (in X) versus the incident ion energy (in eV) for

3ke (solid black circles) and the hHe (open circles) implantations.

both the
The total length of each error bar is two standard deviations in the mean (Axm),

i.e., plus or minus one Axm. The quantity Axm is given by:

bx_ = Ax/VA, ' (2)
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where N was the total number of helium events detected at a particular incident
ion energy for the compoéite profile. Figure T clearly shows that the quantity
Axm was negligibly small when N excegded 50 events. The smallest sample size
was for the 100 eV hHe implantation where N was equal to 21 events. In this
case Axm was ‘3.5 Z and the fractional standard error (Axé/i) Qas n0.19. This
waé the only data point that laid slightly below the smooth line that passed
through all the other data points for the 'hHe implantations.

The results presented in fig. 7 show that x for both 3He and hHe increased
monotonically, although not linearly, with increasing incident helium ion energy.
Overall, for both 3He and hHe, the value of X increased from 18.7 to 194.9 Z as.
the incident ion energy was increased from 100 to 1500 eV. TFor an incident
helium ion energy of less than 600 eV the x's for ke were greater than the X's
for hHe; this indicatéd that 3He penetrated more deeply into the lattice, on
the average, than hHe. This is the result expected for a lighter species im-
planted in an amorphous solid. At incident helium ion energies gréater than

3

600 eV the x's for hHe exceeded the X's for “He. A detailed discussion of

these effects is given elsewhere (Amano, Wagner and Seidman(72)).
Figure 8 displays Ax as a function of the incident helium ion energy for

3

both “He and hHe; Ax is very commoqu known as the straggling, since it determines
the width of the range profile. The length of each error bar in fig. 8 is equal
to two universe standard deviations in the sample standard deviation (Axs), i.e.,
plus or mings one Axs. The quantity Axs, for a normal distribution, is given

by (Parratt(Tl))

Axs = Ax//2N . (3)

We have used egn. (3) to obtain approximate values of Axs for our range profiles
which are actually skewed from a normal distribution. It is seen from fig. 8

that for the sample sizes we employed the values of Axs were all rather small.



For both 3He and LLHe the value of Ax increased monotonically, although
not linearly, with increasing incident helium ion energy (see fig. 8). The
quantity Ax ranged from 16 to 12L Z as the incident helium ion energy was
increased from 100 to 1500 eV. At an incident helium ion energy of &300 eV
the two curves crossed one another and the Ax's for hHe were greater than those

3

for “He. This indicated that as the incident ion energy was increased the hHe

3He.

was distributed in space, both wider and deeper than
Figure 9 exhibits the relative variance [(Ax)g/(§)2], of the SHe and hHe
range profiles, as a function of the incident helium ion energy (in eV). Within
the scatter of the data the quantity (Ax)z/(;c)2 for SHe exhibited a constant
value of "0.4T and the same quantity for hHe was V0.61. Thus in the energy range

3He. This

100 to 1500 eV the value of (Ax)2/(§c)2 for hHe was greater than for
clearly indicated that the hHe was distributed more broadly in space than was 3He.
4.3. Detection of possible radiation damage in the case of the 300 eV helium

implantations.

In order to establish that the hHe detected in the case of the 300 eV

implantation experiment was not trapped at structural defects in the W lattice,

the following isochronal recovery experiment was performed. A W specimen was
irradiated along the [110] direction with 300-eV hHe+ ions ét N30 K. After the
irradiation é@(llO) planes, corresponding to %h.h8 Z of material, were pulse
field evaporated from the specimen. This procedure removed the sputtered surface
and restored the surface to a nearly perfect state. The specimen was then warmed
isochronally from %30 to 90 K at a rate of 1.5 K min-l, while the FIM image was
photographed at a rate of two 35-mm cine frames sec_l. No STA contrast effects
were observed during this experiment indicating that no SIA's crossed the surface

(73)

of the FIM specimen. Our previous work demonstrated that if SIA's were present
they would have appeared throughout the entire range of 38 to 90 K. The specimen

was then dissected by the pulse field-evaporation technique and was examined
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for point defects. The density of point defects was determined to be <8xlO-h

(atomic fraction); their depth distribution was not related to the hHe integral
profiles. These results constitute conclusive evidence that the hHe was not
trapped at SIA's or vacancies. This indicated that the hHe atoms were located
in the interstices of the lattice and that they were immobile in tungsten at 60.
4.4. The diffusivities of SHe and hHe in tungsten.

The temperafure at which the interstitial hHe atomé became mobile in W
was determined by implanting hHe in an FIM specimen at different Ti's énd then
analyzing at Tr=60 K. The hHe integral profile determined at Tr was independent
of Ti only if the hHe was immobile at all values of Ti' However, when Ti was
above the temperature at which the uHe interstitials became mobile, the hHe
implanted during the irradiation diffused to the surface of the FIM specimen
and entered the gas phase. Therefore a sharp decrease in the measured LLHe con-
centration was expected as Ti was increased (see fig. 1). Since only Ti was
varied, significant chanées in the integral profile could only be attributed to
a sharp increase in the mobility of the interstitial hHe atoms at Ti' A
dramatic change in the integral profile was observgd upon increasing Ti from
90 to llO K; thus indicating that interstitial uHe atoms were immobile at 90 K
but were highly mobile at 110 K. By employing a diffusion model, a value of
the enthalpy change of migration (AhEHe) of 0.24 to 0.32 eV was estimated. The
upper and lowef limits on AhﬁHe were deﬁermined by the values of the pre-exponential
factor (Do) chosen for the calculation of this quantity; the lower limit was
determined by a Dy of 1x10 3cm®sec ™ and the upper limit by a D of 1x10 2cn®sec .

The diffusivity of 3

He in tungsten was determined by actually following
the isothermal recovery of 300 eV implantation profiles which had been implanted

at 90, 95, 98, 100 and 110 K. The diffusion equation was solved with appropriate



=1k~

initial and boundary conditions, to describe the diffusion of 3He out of an FIM

tip under isothermal conditions. The fit of the experimental isothermal recovery

3

data toAthe solution of the diffusion equation yielded the diffusivity of ~“He

as a function of temperature. The results of this work are shown in fig. 10.
It is seen that the data is best described by the expression

+ 10.6
D(3He) = (5.4 ~ 3.8)}(].0_3 expl —O.2§;O.Ql ev ] cmgsec_l

Thus within the measured experimental uncertainties the Ah's for 3He and hHe
in tungsten are identical. qu further details on 3He in tungsten see Amano and
Seidman.(so) |
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FIGURE CAPTIONS

+
(a) The in situ irradiation of a W FIM specimen with 300-eV LLHe ions

at a Ti where the.implanfed hHe atoms are immobile. The density of
spots corresponds to the approximate range profile of hHe in W. The
cylindrical volume element represents the volume chemically analyZed
by the atom probe. (b) The number of hHe atoms versus depth as a
function of Ti' Note that the hHe integral profile tends to flatten
out as a T, is increased. (c) The range profiles of hHe in W as a
function of Ti'

A schematic diagram illustrating the method employed té determine an
absolute depth scale. Three states in the field evaporation of one

(110) plane of W are shown in (a). The field-evaporation behavior of

this plane is indicated in (b) by the steplike increase in the rate at

which tungsten atoms are detected.

The 3He integral profiles for the implantation energies of 100, 500

and 1500 eV. The tungsten specimens were implanted to 60 K parallel

to the [110] direction.

A composite 3He range profile for all the 300 eV implantations at 60 K.

A total of 385 3He events were involved in the construction of this

. range profile.

The lJ'He integral profiles for the implantation energies of 150,

(475 and 500), and 1000 eV. The tungsten specimens were implanted at

60 K parallel to the [110] direction.

A composite hHe range profile for all the 1000 eV implantations at 60 K.

A total of 17 l‘LHe events were recorded in the construction of this

range profile.




Fig.

Fig.

Fig.

Fig.

10.

The mean range (X) in angstroms versus the incident helium energy (eV)

3

for all the “He and hHe implantations in tungsten at 60 X.

The standard deviation or straggling in angstroms (Ax) versus the

3

incident helium energy (eV) for all the “He and hHe implantations in

tungsten at 60 K.

The relative variance [(AX)2/(§)2] versus the incident helium energy
(eV) for all the SHe and hHe implantations in tungsten at 60 K.

The diffusion coefficient of SHe versus (1/T) in the temperature
range 90 to 110 K. The times indicated correspond to different

recovery times at each temperature.
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