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: ABSTRACT

The use of nuclear reactions for depth profiling carbon and
oxygen in solids is discussed. A gencral expression for the
yield from a nuclear reaction is derived and used to extract

depth profiles from {he encrgy spectra by two methods, The

sample can be obtained. The second method uses published reaction

first method compares data from a target of unknown composition
: with 2 target containing a known concentratlion of éither carbox
¢ or oxygen, 8y dividing the yields from the samples Tor cqual
g collision energies, a concentration profile within the analyzed
;

cross section data te obtain the profile. The (d,p) profiling is
demonstrated for carbon in Sch, A comparison between the two

methods is made by cxtvacting carbon profiles in the near suriace

region of ScD2 samples. Effects due to ipaccurate stopping cress
secticn data are described. The technique is discussed for the

]ED(d,P) reactions used to profile oxygen along with the effect

i
;
i
s

of interferences from the 2H(d,p)3H reaction and other reactionr.
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1. IuTRGDUCTIOH

Rutherford Yackscatiering analysis is an accepted technigue
for obtaining quantitative elemental analysis in the ncar surface
regice uf & material. lNHowever, analys's for light elements such
as carben in a metrix of heavier elements is somewheat limitcd
using this technique. Concentrations of less than a few percent
arc vsvally undelectable unless the matcerial containing the
Tight clementie is thin and cn a light substrate or is a scif-
suppurting filwm, N

liuctear reaction analysis is an alternative to Rutheriord
backscatitering when light clements are of interest. The princi-
pal advantage of using a nuclear reaction is that'the detected
reaction product usually has erergy greater than that of pro-
jectiles elastically backscattered from the heavy matrix, The
signal from the light element is thus in a region of the energy
spectrum where the backgreund is normally low. Detection scn-
sitivity for a given element depends on the value of the reaction
cross section, Lhe backgrcund, and the aeometry of the detection
system. The background is caused by nuclear reaction products
from species not being analyzed, the detector's respanse to
1ight yencrated during the irradiation of fnsulators and pulse
pile-up. Both the crergy of the detected particles and the
relative intensity of reaction yields are functions of the
detection geometry. The angle between the projectile and the
detector may be adjusted to toke advantage of a Targe cross sec-
tion or tu locate the detccted particle in an interference free

region of ilhe cnovgy spectrum.  The solid angle of the detecter




can be adjusted to enhance the sensitivity or to obLain optimum i

depth resolution. ‘
Nuclear reactions have been used in ceveral laboratories

for detection and depth profiling of 1ight clemeats. Amsel and

cm\vorkers'I have pioneered the use of nuclear reactions for

detection of low-Z elements, particularly o.ygen. Quag)iaz and

Shu1t63 have used the lzcld,p)lzt recliicon for detecting carbon

in metals. In the present work, the use of (d,p) reaclions is

discussed for profiling C and O in the near surface regions of

solids. A general expression for‘the yield from nuclear reac~

tions is derived., Depth profiies are calculated from the

experimental data using both published reaction cross scction

data‘and a reference target method suggested by Shu'lte.3

IT. EXPERIMENTAL

The apparatus necessary to perform nuclear rcacti n analysis
is essentially the same as that used for Rutherford backscat-
tering analysis. 1.4-1.6 MeV 2D+ beams fraom a 2 MeV Yan de Graaff
accelerator at currents of 5-50 nA were used.

Protons froﬁ the IZC(d,p] and ]ﬁo(d,p) reactions were
energy aralyzed using a surface barricer detector .similar tuv thosc
used for backscattering analysis. The surfacc barrier detector
responds, to both the reaction product and the backscattered
particles, so for a heavy matrix the backscattered particle
intensity can be 103 times the intensity of reaction products

50 pulse pileup can be appreciable. The piled-up pulses occur

in the same region of the spectrum as the reaction products and
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therefore limit swnsitivity, One method of reducing pileup is
tc use vory Jow incident Tluxes, Mowever, this siethod may
require excessive Lime Lo acguire spectra unless coupled with
ciectranic pileup rejection systens which can reduce pileup by
acicrs up to 0.9

A more common method of reducing the effect of ihe back-
scatfercd parlicies is to shicld the detecter vwith a thin foil.
The foil thickness is chosen such that the backscattered par-
ticles are absorbed and the more energetic reaction products
penctrate. The energy straggling in the foil recuces ihc energy
resolution of the detection system ard the corresponding depin
resolution.  Two specira taken of a Tazo5 target are shown in
Fig. 1. The lower spectrum was Laken with an electronic pilcup
rejection system but with ne foii., The tockscattering peak and
the reaction products, as well as pileup, can be seen, The
detector used has an epergy resolution of approximately 20 keV
corresponding to a depth resolution ncar the surface for the
lso(d.pl)‘70* reaction of ~ 1500 R for 1400 keV 2D+ at normal
incidence. The upper spectrunm was taken with 2 19 pym mylar foiil
near the dotector. The foil shifts the peaks Lo lowsr energy
and contributes approximately 41 keV of straggli;g, degrading
the neai-surface depth resolution to 2beout 3400 R. However, the
pileup as well as the backscattering peak from Ta are absent,
and their absence a'lows substantially increased sensitivity.
The lso(d,a)]qﬂ reaction seen in the lewer spectrum is 2lso
absent iun the upper specirvam becausc the a particles produced by

IBU(d,u)]aN cannet pencetrote 19 um of wylar.
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The nuclear reaction cross sections are not known as
accurately as are the Rutherford cross scctions. Thevefore
referencing the signal from the analyzed specie ta thet of the
substrate for absolutle calibration is nct as useful as irn hack-
scattering. MHowever, targels containing the sprcie of interest
in a known concentraticn are quite eseful references. Wsc of
reference targets rcquires thet the reiative number of particies
incident on the unknown sample and on the refe-cnce terqgel be
known. This implies that the charge intzgration system nust
be reproducible from target lo target, If recactior ciress sec-
tions are used Lo determine concentration profiles, the inteqra-
tion system must also be calibrated.

In addition to accurate charge integrution, the fraclion
of the signal lost due to dead time of the electronics must be
known, The fraction of the signal lost incrcases as the count
rate increases. Techniques for dead-time determination are

discussed e'lsewhere.5
I1I. THEORY AND DATA ANALYSIS

Expre;sions6 have been presented for evaluating depth profilc
data frow nuclear reaction experiments which faii to properly
treat the transformation of the yield frow a depth interval
8x at a depth x to the obsewrved energy intcrval &E of the cmer-
gent particles. For a general nuclear rcactior, the energy of

the emitted light reaction product is given by

LT PRI
By = KGE, {cos o ¥ )= v Ky - sin® 0 } {1)
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wiere EO is the incident energy, 0 is the laboratory scatiering

angle, and K], Kz end KH are conttants defined as

MM
2°'4

S K, = g=p— , and
1 4 2 L]HJ

Ml and nz are the incident particle and target masses, respac-

tively; M, and #, are the uesses .of the light and heazvy products,

3
respectivelys and 4, the Q-value, is the excess of the sum of

the encrgies of Lhe reaction producis over the incident energy,
Eo’ The geomctry ic¢ shoun in Fig, 2 whese the beaw is incident
et an angle 01 with respect to the sample normal and the product
is detected at @n angle Ozv The detected energy from a reaction

with a target atom at a depth x is

x5, (E,
E = K E - AL ns
out 1 4 cos 8,
(3}
K3 2 /2 ? X5 ut(Ebut)
ces @ * | eee———eeFe——— + K, - s5in” 0 - QUE_out
xS. (F. ) 2 cos 02
- dnd
(4] cos 01 ) -
In Eq. 3, 5. and § refer to qg-uf the projectilc and the
© % Yin out dn «
light reaction product, respectively. t}n and 7}ut are average

energics over ithe incoming and outgoing palhs, respectively.
Brice7 has shown that the scatiering yield from a general

reacztion at a depth x can be written
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1 N(x) :i—ﬁ‘ (Ly,0)dediy

Yty = g
2 -
[a"e]— - SyplEyax) + € Suut(rz’x)]

where E, is Lhe energy before the rcaction, E, the encrgy

Y(E ,E

3

o’

immediately after the reactien, E3 the encrgy after leaving the
target and dE2/dE] is evaiuated for By at the depth of dnterest.
I is the number of incideat particles aud C = cos G]/cos Gy For
a target in which the stoichiometry does not vary greatly with

depth, we can approximate

262 Souelfr) (5)
93 SouilEy)
Eq. (4) is the familiar equation for bachiscattering rhen
dE )
—2 is replaced by the kinematic scattering factor XK. For nuclecar

dE
re;ctions the proper expression is found by differentialing
Eq. (1). In order to simplify the notation, we let

~ dE2

S;(E) = a5 (Ey) ciin(q) + cziout(zz) (6)
_where 1 ipdicates the component of the target. The presence of
both Eiin and EiuuL arises from the fact that for most nuclear
reactions, the incident particle and 1ight reaction preduct are
different species, requiring different stopping cross sections
or an adjustment in the energy at which the stop;ing cross snction
is evaluated as for {d,p) reactions. g(E) can be recognized as

. dE
the well-known "backscattering Tactors" if ng is replaced by K.
1
For more complex targets Bragg's rule is assumed and the cnergy
loss parameter is expressed as a sum of atomic energy loss para-

meters. This is equivalent to a binary target with B-type atoms




respensiile for the nuckear reaction yicld and A-type atoms con-
tributing te the stapping power hut net to the reaction yield.
Then
S{E,x) - o, (x) {cn(l-) () CB(E)} (7)
where
NB(x)
pal®) =iy

Combining Fqs. {2) and (7) yiclds

da ..
T Ry (x} o (E,.2)d0dE S E
Y(r,,Lyaz, - BA a7 N 3, 2 . (8)

TS0+ Ry, 0E () ity
This expression can be used to directly calculate RBA(x) from
the measured specirum if the stopping powers are known.

Shu]l.e3 has suggested that the yield from pn.unknnwn sample
can be compared with that of a veference sampie where the
stoichiometry as a Tunction of depth is kpown, This reference
could be a pure sample, such as carbon, ar a compeund with a
vell-defined stoichiometry, such as Ti02 or uus, or other metal
oxides. In these cases, the calculation is performed such that
the yields in the two samplés arc compared for equal collision
energies (EI)' The reaction cross section then cancels out, and
the celculation is only dependent on the accuracy of the stop-
ping cross secticns. If the ratio of p-ofiled atoms to all other
matrix atoms is RX in the unknown sample and RR in the refercnce
sample, Fq. (B8) is solved for both cases and the resul s divided

te yield




i

—_ . (9)

The priwed energies refer to energies in the reference Lavgei.
aE; aE2
oy = (Y, /vp) - st [ 5es) we can write

Y{x) - RR - §A(E)

RX{x) = §c(E) T RR - §B(g)[1 - ¥(x)]

(10}

Programs have been written four a PD!{/11-based multichannel
analyzer which solve Eq. (8) or Eg. (10) and calculate RX{x).
Stopping powers are calculated using the Brice three-pavamcter

e .

fit” to the data of Janni.9 Data for analysis using the reacticn

cross sections were obtainced from the published 1iLcraturu]O’1]
and the program used linear extrapolations beiween the measured
data points. The term 3E,/3E, was approximaled by fq. (5) for
the referenée targets, but was numerically calculated for the

unknown targets.
IV. RESULTS

The computer programs described above were used with spectra
taken from bulk TaC, TiC and graphite with 1600 keV p* to extract
the concentration profile of C in the TaC. Shulte's method was
used with TiC or graphite as th2 reference. The purpose of this
exercise was to check the program and the sensitivity of the
computational method to small variations in external paramecters
such as the stepping power. The results are shown in Fig. 3.

Ideally, the profile should be intersecting the vertical axis




at 00 at.5. The apparent bump iu the concentration at

q .
1.9 x IO)J ntnmx/cmz QCCUrs near & narrow resonance n o the

2

]“C(d,p} cress section at = 3930 k¥, This technique relies

on taki the vield ratio of the unknown and referonce spectra

fout equd) denteron enecgies.  Smel) uncertainties in the calcula-
ted deuteron reaction encergies {duce tu uncertaintics ir the
stopping ¢ross scctiens) cav thus lead to reletively Jarge orrory
if the reaction cross seciion is rapidly chaaging. The calculcted
geviaticns Trom actual stoickiométry probably resuil from the
unceriainty in the relative shapes of the slopping power curves
for proione and deuterons in carbon end titanium. An increase

by 106% in the carbon stopping powcr for the 1400 %eV p* jon signi-
ficantly veduces the size of this buap. Using a refercuce spec-
trum taken or TiC rather than graphitc also resuces the bump as
shown in Fig. 3. These results suggest that proton stopping

cross scetions for Ti and Ta may be more accurate than for C. Use
of the stopping powers tabulated by Rorthcliffe and SchiTTing]Z
qave larger silcicihiometry deviations than those cblained using
Janni’'s data.

Samples of 3 pe filus Sch and bulk Kovar containing small
amounts of carben end oxygen were analyzed with 1400 ket 0¥, The
]zc(d,p)]ac spectra for TiC and ScD2 reference samples ave shown
in Figs. #4a and 4b, respectively, The general shape of the
]zt(d.p)]3£ reaction cross sectior below 1400 keV can be scan in
the spectrum from the TiC sample scer in Fig. 4a. The carbon
profiic frow the Sch spectrum was calculated both bty Shulie's
melhod and by dirvect use of the available cross scction data. The

resulis are showr in Fig. 5. The meiliod usine cross scetion
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values on the average gives 10 to 20% lower concenlrations thar
does the method using reference materials; however, the shaje of
the profile obtained from the two mecthods is quite similar. Tuo
lower values using the cross scclion methed could be the resul.
of systematic errovs, prebably in the values of cross scctions,
The accuracy of the profile is somewhat diflficult to assess; how-
ever, based on the data collected by profiling bulk TiC, the pro-
file is probably within & 20% ¢i the true concentroticn profile.
The oxygen profiles in Kovar and ScDZ were similar to the
)17

carbon profiles. The 16O(d,po 0 was used fTor profilirg bec:usc

of the large ZH(d,p)3H background in the region of the
)17

]GU(d,p1)170* reaction, The ]So(d,po 0 was not Laciground-

free Lecause of the interference from the 1C‘O(d,(.)“‘r.‘ reacticn.
Both the reference method using woj as the reference materiai and
the cross section method were used to obtain proviles which ave
not shown here due to space Timitations. As with the carbon pro-
files, the two methods gave similar shapes, which is consistent
with the above results. (onsidering the interferences, the oxygen
profiles obtained are probably within * 257 of the true profile.
The depth resolution using {(d,p) nuclear reactions is not
high. Where possible, {d,x) reactions and sumplé tilting are
methods to obtain better depth resolution. But the (d,p) tech-
nique {§ very useful for profiling over a few um of depth. Pro-

12 160'

files of up to § um deep have been analyzed for both C and




‘ V. Cenclusion

Carbon and oxygen have been prefiled in Kover ant ScD
17
) 16

2

waing the Yoqa,p)oC, wo(u,f«u 0 and o(u,p])”c* suciear

Y reections,  The Tormalicn given can be used Lo cxtvuet can- \

i centrztion profiles usierg cither published values for ihe
rcactica cross scctions or reterence spectra taken from targets

conts

ing known concentiations of the profiled clerint.,  The
accut acy of the methed using cress sections is 1imited prio
narily by the vrcertainties in tie values of the cress sectians

. and Ui stopping power dalus v

t2u, the rethod using refercuec
targets 95 uwsuelly limited in accuracy only by uncertainty ain

. the valies of the stopping pewer.
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FIGURE CAPTIONS

a. (Upper). Speciras taken from 3200 A of anodized Ta,

b
on Ta with a 1600 keV 0% bean using a detector coverad
with a 19 um mylar foil.

b. (Lower). Spectra taken under the seme conditions and
vwith the sample as in Figure Ta, excect detector uas
not covered. GCoth spectra shown were taken using on
electronic pile-up rejeclion sssces.

Diagram depicting a nuclear feaction occurring at depth x

within a target.

Depth profile of carbon in bulk TaC using rcfercnce seaples

of graphite and TiC. Approximately ]019 atoms/cm2 corresponds

to 1.1 pm irn bulk TaC.

a. (Upper). Spectrum of the lzc(d,p)lsc reaction from a
bulk target of TiC with 10 uC of 1400 keV o*.

b. (Lower). Spectrum of the ]‘?C(d,p)’3

L yeaction Frem Sch
target with 10 uC of 1400 keV D+. Both spectra shown
were taken yith an uncevered detector.

Depth profife of carbon in the ScD2 sample described in

Figure 4b using the spectrum in Figure 4a.as,a reference.

Depth profile using published cross section data also shown.
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