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Abstract

Spatislly resolved information from the near sur
feoea of materisls oan be obtained with a nuclesr mi-
croprobe. The spatial resciution is dotermined by the
optica of the inatrumant and radistion damage in the
specimen, Two— snd three-dimensions] maps of elemen-
tal concentration may be obtasined from the near jur-
faces of materisla., Data are suquired by repeated
scans of a conatantly moving beam over the cegion of
intereat or by oounting for a preaet integrated oharge
st eaoh apecimen looaticn,

Iotrodyetion

The purpose of s nuclear nioroprohe is to obtain
spstially resolved information from s speoimen ocon—
tasining aomo nonhomogensity, ‘The nonuniformity may be
in any dirsotion relative to the inoident beam direo-
tion, but the problem of data noquiaiiion is slways
the same-—-where is the nonuniformity, and lLov big ia
it? There sre thre¢ analytio signals used with s nu-
olear microprobe: partiole induoed z-ray emission
(PIXE), Rutherford bsokaoattering (RBS), snd nuolear
resotion analysia (NRA). The signal or signsla de-:
teoted, the nature of the spsoimen, the deaired infor
mstion, and the available baam ourrent determine the
sppropriate solution to the problem of dats aoquiai-
tion, Micioprobss existing in the world today have
unique solutions, usually diotated by the oonatraints
of the 1ooally existing hardware for nuolear phyeioe
dats soquisition, This paper rannot review all the
exiesting ana proposed solutiona’, but it disousases the
gencral constraints of the problem.

Data Rates

Tha total amount of dats prccessed depends on the
incident beam ourront and the beam-aspecimen intaerso-
tion, Partitioning the dats into individual pinture
elements, or pixels, i neocessary to obtain the apa-
tially rsaolved information, Thsrefore, ooneidera-
tiona of besm ourrsnt vs spot aize and time/pizsl va
resolution, occnoentration, and orons seotion determine
how the data ocan be aoquired and atored.

An jdeal ion-optiosl aystem foouses some fraotion
of the socelsrated beam into the final apot with the
smount dstermined by the ratio of the phase apace ao-
ceptance of the final lena to the totsl available
phase apsoe.
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where { is the ourrent and s {s normaslized wmittanoce.
A more realistio upper bound on the beam ourrent vs
apot aizs may be obtained by inoluding the effeots of
apherioa! and ohromatio sberrations on the final aspot.
Assuming that thu geometrionl sberrstions sdd in quad-
rature, one obtaina
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where do ia the spot diameter, sassuming perfect op-

tios, c. and C° are the spharioal and ohromatio aber—
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sberration ooefficients relative to the image point, a
is the semidivergence im the fooused beam, and AE/E is
energy unoertainty in the besm., The resulte of the
osiculationa for the Lot Alamos Scientifio Laboratory
(1.ASL) mioroprohe with s superconduoting aclenocid fi-
rsl lena are shown in Fig. 1. Current denaities of

1 aA/pw" aze possible with this system. If besms with
AE/Z = 10-4 are available, this ourrent denaity osa te
maintsined to 1-um? arot sizes, Quadrrpole multiplets
uaually have s amsller phaae apaoe scoeptance for the
finsl lena with s oconsequent reduotion in final omnr
rent density,
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Figure 1. Beam ourrent va wpot sizxe, inoluding the
eoffeota of apheriocal and ohromatio sberra-
tiona for the LASL mioroprobe. The adberra-

tion ocoeffiocients C‘ = 14 om and C° - 9.9

oB were osloulated from the equivalent
Glaser field B(z) = lol(l + (Z/s)8) with
s = 6.5 om,

The time, T, required tn soquire the data from a
single pixzel depands on tha inoident beam ourrent in
partioles/s, i: the number of target stoma/om®, Nt
the solid angle of the deteotor, Q1 the orosa seotion
for the interaotion, ¢: and the number of events to be
oounted, A. In gemeral,

- A
* = T0eNt (5

A serieas of universal ourvea for the time/pizel wa the
probe current ia plotted in Fig. 2. The ourves sasume
no background and should, therefore, be ornaidered
somevhat optimiatio., Curves auoch aa tbis are graphio
roeminders of the obvious tradeoffs between apatial
resolution and senaitivity,
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Figure 2. Time/pizel va inoident bzam ourrent for

different values of oconoentration and oroas
seotion, oNt = barn atoma/om®, The time
plotted refers to the time requirsd to de-
teot 100 ocounta with a deteotor of 10-? atr
and 100% effioienoy.

Radistion Damage

Sinoe s nuolear mioroprobe is designed to tell
you what elements are in the speoimen snd where they
sre, questions of elemental migration within the ma-
trix are important, Thermal diffusion and nuolear re-
ocoils are two effeots that move atomas in the specimen
over the dimensiona being meesured, The following or-
der of magnitude ocsloulations are designed to tell
whether yot orn got ths information before the beam
ohanges the parsme.ec being measured,

An upper limit on thermal effeots msy be oalou-
lsted by assuming uniform energy deposition in a oy-
lindriocal ocolumn of the specimen exoited by the inoi-
dent beam. Heat is radially oonduoted to the edge of
the apeoimen. The solution to the radisl pa=t of the
equation of oonduotion for heat supplied at s oonatant
rate, Fo. per unit length on an inner oylindar of

oonduotivity, K, ie

- 2
2nl('l‘1 Tz) - Foln ('1 . (4)
Solving for Tl' the temperature at the sdge of tha
exoitation volume, yields
r
TI.T2¢ _JL__“J. . ($)
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where E is the energy of the inoident beam, I is the
beam ourrent, R is the range, q the oharge on the in-
oident partiolea, and r, ia the radiuas of the inoident
beam, 1

Thermal oconduotivities vary over severel orders
of magnituda from 10-? - 1 ocsl/om ¢ *°C with mnat met-
als and semioonduotore having K ) 0.1 ocal/om a *C.
Fer a 1-MeV bdeam of 10-um projarted range with beam
ourrent of 2 nA in a epot 1 um in dismeter, the tom-
perature rise in s l1-om apeoimen of thermal oconduotiv-
ity K = 0.1 oal/om & 8C {4 ~9°C, Localized spscimen
heating ia probadbly not a problem ii. euoh apacimenas if
the overall temperature rise is ocontrolled by asdequate
thermal contaot with a heat aink, For glass or bio-

logical materiala with much amaller conduotivitiea,
looalized heating oan be a severe limitation. The

~data may have to he collected from a conatantly moving
" point on the ape«imen to minimize thermal iegrailstion.

i The kinematio faotor

Dats acquisition for a preset time or intograted
charge at oach pizel ia posaible with tlhe more rugged
specimenas,

The queation of
lated to senaitivity
8 nuolear microprobe
tranafer aignifioant

nuolear reooii is intimutely re-
and limits of deteotsbility with
beocause the in..denl partiole oan
energy to the targe* nuoleus,
for 180° scatte.ing ia

El - (!.;I)z (6
E M+nm *
For inoident alphs partiocie) of a few MeV, the target
nuoleus will reooil in the forwar! dicestion with en-
ergiea ) 100 keV, The range of t*is recoil partiole
depends on itn m-.s, onergy, oharge, snd the matrix,
but typioally .s ~C.1-1.,0 um, Thia diasplacement ia
greater than the depth resolution of RBS., Dsteoting
the presence of an atom will ohangs its location, It
is not & problem with an unfoousel bsam, but it ia onc

~of the ultimate limitations for apatially resolved

information,

A monolayer of heavy atcms (~10%1 rstoms/om?) ia
esaily detectsd with Q = 1 uC (6.25 x 1023 partiolea)
of invident slpha partioles, but within an areu of
1 um? there are only 107 stoms preaen:. Six orders of '
magnitude more partiolea must paar through the mono—
layer to be deteoted than are preaent to be mesaured.
As asdown in Fig, 3, only the amall fraotion of parti-
olea aocsttered through large auylen are of oonoern,
The majority of inoident partiolea soattsred in the
foiwvard direotion impart very little tangentisl momen-
tum to the target nuoleua, not enough to move the tar
got atoms laterslly out of the l1-um? sampling areas.
The total number of partioles scattered through an
angle larger than °M1n ia
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The majority of soattering events are for-
ward sonttering aa in (a), where vary lit-
tle latural momentum ias tranferred to the
target nuoleus, M. The baockacattering
events (b) move the target nuoleus s dia-
tanoce greater than the dapth resolution of
the messuremant.

Figure 3.



For 1 puC of 1-MeV alphs particlea on s monolayer of
gold, 2 x 10f incident particies will be acattered
through a center of maas angle greater than 90°. The
total detected oount from suoh & layer would be ~200
connts with a 10-? atr detector at 175°, The proceas
of makizg s +7% mcssurement on 107 atoms in 1 pm?
would move ~2% of the atoms diatances greatsr than the
resolution of the mesauremert, There is no way of ao-
quiring the data to avoid thia fundsmenta! l!imitation,
Auformation

The main strenth of PIXE is an inoressed elu-
mental sensitivity relative to eleotron—beam exoited
speoimens for intermediate snd heavy atoms, The en-
ergy dependunce of the x-ray production oroas seotion
means that aome elemental de~th information oun be ob-
tained by differential measurements, dbut th!, is not
esaily sppliocsble with a microprobe. The uausl appli-
ostion of the PIXE signel from s nuclesr microprobe ia
to obtein multielement two dimensionsl distributiona
and uae the increased elemental senmaitivity at ac-
leoted pointa of intereat, The resaon is resdily ap-
parent from Fig. 2 where oNt ¢ 101¢ barn atoms/cm? im
pliea dats soquisition times ) 107 s for s 1-nA beam
ourrant. It is not reasonable to think of » nuclear
microprobe with PIXE ss an inatrument with 1-ppm aen-
sitivity everywhere and with two-dimensional spatial
resoletion of a few um3.

However, in moat applications, ppm aenaitivity st
every point is not required. The problem ia to find
those regions of intereat requiring lomng counting
times or localize other regions with ooncentrations
greatsr than 10 ppm., Legge and Bammond? at Melbovene
have taken s sophisticated event recording spprosuh.
The primary intersat is the looalizstion of heevy
traoe elements or impurities ir thin biologioal apesi-
mena, The beam is magnetically deflected in a raater
pattern on the apecimen, and the XY positions sand en-
ergy of each event are stnred on tape or diak. A
storage acope is used to diapley the dats asa two—
dimensional elemental maps, line scans, point apeotrs,
or seleoted ares averagea. The syatem worka quite
well beoause the ocunt rates and totsl number of
events to be recorded ars lov, The fast defleotion of
the beam minimizes thermal ¢ gradation of thy apeoi-
aen,

The RBS and NRA dats soquiationg with s mloro-
probe are oomplioated by su extra dimansionality of
information, the dupth distribution. The partioles
entering and leaving the apccimen lose energy in s
known way, and ihs distorted p.ak shapes centsin the
depth information. Figure 4 ahows the speotrum ob-
tainad from 2-MeV asuterona on 250 nm of snodio oxide
on GaAs. Both ths RBS dsuterona and the proton and
slpha pesks from the nuolesr resotions with 20 are
shown, The alpha pariiole peak at 2.9 MeV from the
14¢9(8, a)!*N rasotion osn be uased to profile the oxy-
gen oonoentration as a funotica of depth in the GaAs
oxide,

To obtain the depth informati n, peak shape anal-
yaia muat be psrformed at each pisel, Also, if the
mioroprobe ia used to obtain a two-dimensionsl srrey
of suoh informition, the data nannot be conveniently
displayed beocsuse it ia four dimensioral--oconocentrs-
tion and positions x,y, and :z,

The obvious solution is to simplify the problem
by idealizing the geomsiry. Thic usrally meana ob-
taining line—socsan information rather than full ares
sosna. Reduoiny ihe dimensionality of the p.oblem is
uanally required tor snother rusenn, dots retrieval
rates., The oross seotions for RBS and NRA are nmor-
mally lower than for PIXE and require long data soce<s
times per pixzal, Figure 5 is an szampie nf suoh lime-
sosn information showing the variatior in oxygen ocon-
oentration ve depth aoroas a lsaer—annealed apot on
GaAs snodio oxide.
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Figure 4. BHBackacattering and nuclear resotion apec-

trum of 2-MeV deuterons on & 250-nm GaAs
snodic oxide.

Sinoe the LASL microprobe? was intended to be
used primarily for semiconductor and metallurgiosl ap-
plications where locslized heating is not expeoted tc
he & nrudlem, & fixed beam ia uaed., Quantitstive re-
sulta are obtained hy oounting for s preset integrated
okarge st esoh pizel, Figure 6 ahows the ayatem with
its oomputer generated XY rsstering oapability. 1In
the usual mode of operstion, ocomplete speotrs from the
detectors are obtained at each point, and the informa-
tion is written to magnetic tape for permanent atorage
and later analyaia. Up to 72 gates ocan be aet on the
spectrs, snd the integrated sums or differences oan be
stored ii memory. That is, 72 line aocana derived from
the speotrs oan be scoumulated in memory during dats
soquisition. The oomplete 3peotral storsge ospsbility
of thia approsch means that dats retrieval sates are

deteotor and besx ourrent limited rather than oomputer
limited,
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Figure 8. Contour and icvometrio plote of oxygen ocon-

oentration va depth in s 250-mm thiok an~
odioc oxide on GaAs. 'The oxide wae amnesled
with & 70-na pulae of 248.2-nm radiation
from a KrF laser.
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Datas scquiasition syatem for the LASL
microprobe,

Figure 6.

The optimal solution to the dsta ucquiaition
problem is the onme that records only the information
required to anawer tie particular queation sbout the
sample. This means appliing strong filtera to the
dats bsfore storsge tc rvduoce the mass of informationm.
However, problems can arise with new or unknown ssm-
ples where it is not obvious what filters to apply un-
til after the dats are soquired.

In addition to soquiring the snslytio informstion
from the apecimen, the besn muat be fooased on the re-
gion of interest, Thia hau ususlly been donme with an
optioal microsocope and thin acintillator, but the

ability to image the apecimen directly with the beam

is & grest convenience. The combination of a fast de-
flection aystem snd apecimen imeging from seocondsry
electrons makea the nuclear microprobe aimilar to s
scanning eleotron microacopet. Computer genmersted ras—
tera and direct imaging will be s gest help in making
the nuclear microprobe s convenient insirument for
precise, reproducible, quantitative information from
the near surfaces of materisls,
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