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PROFILING HYDROGEN IN MATERIALS USING ION BEAMS

Over the last few years many ion beam techniques have been evaluated for profiling
hydrogen in materials. These techniques have proven useful in such applications as solar wind
effects on moon rocks; dating of glass artifacts; fusion reactor first-wail studies; studies on
amorphous silicon solar cells; and hydrogen embrittlement of steels and niobium. In general
the techniqués are noﬁ-destmctiie, have a depth.resolution 6f about 20 nm, and require about

60 minutes running time for each sample.

There arc eight basic approaches to hydrogen proliling with ion beams, with 14 variations.

These are éummarized in Table 1 and References 1~14. Each will be described in detail below.

We report a ;ound-robin comparative study of 9 of these techniques using identical
samples of hydrogen implanted into silicon. Since several of the other ion beam techniques

were not applicable to the target chosen for the round-robin, we include brief descriptions of

these for completeness with mention of their particular advantages.

SAMPLE PREPARATION

Silicon was chosen as the host material for this study for several reasons: ‘) it has
extremeiy hl;gh purif_-,v with no known hydrogen incorporated into the bulk material, (b) it can
be_qbtained with highly polished surfaces, {c) it is believed to trap ion-implanted hydrogen
with high efficiency, z_md (d) silicon is a technologically important material. The hydrogen was
ion-implanted into the silicon to provide reproducible hydrogen concentrations with sharp
concentration gradients. These gradients provide a test of the depth resolution of the various

techniques.

= The samples: were made from Si <1003 single crystals, 2.54 cm in diameter, with a
 surface chiemically polished to better than 1 nm.!5 These wafers were etched in buffered HF,

;tlie'il'_\ion'-impla'nted with Si at 270 keV, 1x10!5 Si/cm2, to make the surfaze amorphous
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and to provide traps for the implanted hydrogen. The wafers were then implanted with
hydrogen to doses of 1016 H/cw? using an electrostatically rastered beam which swept each
wafer more than 103 times to obtain high impiantation uniformity. (Several wafers were
implanted with higher doses, and these will be identified later.) The wafers were Ga baéked to
a heat-sink during ion implantation to prevent annealing of the amorphous Si layer. Some of
the wafers were implanted with protons, !H, at 40 keV (£ 2 keV), and others were implanted
with deuterons, 2H, at 31 keV (% 2 keV). Calculations!6 indicated that these energies would
provide for a hydrogen peak at 400 nm, although the proton implantation distribution would

be aarrower than the deuterium Jistribution. The proton width was calculated to be 100 nm

(FWHM) while the deuterium width would be 140 nm.

A sample was then sent to each of the laboratories concerned, it was analysed, and then it

was sent on to a second laboratory to confirm the accuracy of the original implantation.

GENERAL RESULTS

The general results are shown in Figure 1. Each laboratory repurted a hydrogen concen-
tration profile which was reduced to three hydrogen profile characteristics: Range, Strapgling
(FWHM), and Total Dose. The hydrogen range was defined as the depth of the hydrogen
peak. The straggling was the hydr gen peak width measured at full-width at haif-maximum

(FWHM). The total dose was defined as tiae total “ydrogen content found in the sample, using

units of H/cm2.

The upper porticn of Figure 1 shows the ranges determined by each laboratory. The
numbers in parenthesis indicates that this measurement was a second independent evaluation
of the same sample. As can be seen there is remarkably good agreement, with a standard error
of 8% (i.e., 68% of the samples were within this much of the mean). It is believed that this
error is mostly due to inaccurately known stopping powers for the various ions. A second

possibie source of error is the ideniification of the target surface, but normal contamination of
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sanhple surfaces by water vapor and adsorbed hydrocarbon layers makes idehtfficéﬁon of the
surface for 'H profiling rather simple. For 2H profiling, a surface monolayer~ wcan be achieved

on some samples by evaporating deuterated liquids on the surface.

The middle portion of Figure 1 shows that the H concentration peak widths as determined
by the various techniques. The analysis of the proton and deuteron distributions are quite

consistent, with a standard error about the same as for the range measurements.

The lower portion of Figure 1 shows the total H concentration found in each sample. The
original ion-implanted proton doses were nominally 10'®¢ H/cm2, but calculations and
experiments!? have shown that about .9% of the H would be reflected from the Si samples, so

the actual proton implanted dose was 9.9x10!5 H/cm2. The deuterium implantation dose was

10x higher than the proton dose.

We conclude that with proper concern for using accuraie cross sections and stopping

powers, and with proper identification of the sample surface, hydrogen can be profiled in Si

with an absolute accuracy better than 8% up to depths of about 600 nm.

£
14
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COMMENTS ON SPECIFIC TECHNIQUES

The typical experimental conditions for the analysis of H in Si are summarized in Table 2.
Two items are of special comparative interest and are listed at the Qottom of the Table. One
line tabulates the energy put into the sample which is converted into heat (watts). Since
hydrogen is highly mobile in most materials (typical diffusivity in metals is 10-¢ cm2/sec at
room temperature) the use of beams which minimize target heating is an advantage if a wide
variety of materials are to be anzlysed. The last line in Table 2 is an estimated depth resolu-

tion (FWHM) for each technique for profiling H in Si at a depth of ~ 400 nm.

It should be emphasized that these quantities are only applicable to Si, and each technique

will have different parameiers for other target materials.

EXPERIMENTAL DETAILS

1H + 19F (~ 17 MeV) - y-ray (Ref. 1).

Figure 3 is a drawing of one type of experimental set up fcr hydrogen profiling using a
nuclear reaction which produces a y-ray (this arrangement is described in detail in Ref. 1le).
Two aspects are noteworthy:

1. Two Nal(TIl) crystals were used to detect y-rays, with typical spectra shown in

Fig. 4. After the spectra were corrected for background the yields from each

detector were summed.

2. The total charge collected w.s determined by two methods:

a. The charge was integrated from the target holder which was surround-
ed by a suppressor biased at -300 V for secondary eleciron suppres-
sion.

b. The beam was sampled by a rotating flipper which scattered particles

from the beam into a surface barrier detector. This was calibrated
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using a Faraday cup. Consistent results were obtained for both techni-

ques.

To obtain the depth. and absolute hydrogen concentration from the y-ray yield two
quantities, the ion stopping power and a H concentration calibration constant, had to be
determined. The stopping powers used for !9F were obtained by interpolating the values given
by Northcliffe and Schilling.!8 These values were independently checked on a thin hydrogenat-
ed awnorphous silicon film!® using the backscattering of 1 and 2 MeV a particles and the
Talysurf technique.!® The thickness determined by Talysurf was 16% smalier than the 4He

backscattering results. The !9F data gave a depth 9% smaller than the backscattering.

The hydrogen content of the ion implanted samples studied was determined in absolute
terms by comparing y-rav yields with similar yields obtained (1) from materials containing
hydrogen and having a well-established stoichiometry namely Lexan [(C¢H403),] and
polyethylene [(CHz)n] and (2) from a silicon wafer implanted with a known H dose. Using
this approach the problems associated with using absolute cross sections are avoided. Likewise

any anisotropies in the y-rays emitted can be ignored.

Ii general obtaining the correct hydrogen profile is complicated by off-resonance
contributions to the y-ray yield as indicated in Figure 5. Corrections for the off-resonance
yield must be made to the !9F profile data when the 16.44 MeV resonance is used. In fact,
using the !9F beam rather accurate estimations of the average hydrogen content in the bulk of
a sample (e.g. 1u to 4 in SiO,) can be obtained from the yield data taken below resonance.!®

Yield profiles can be unfolded using the cross section data of Maurel et al.20
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IH + 15N (~ 7MeV) » y-ray  (Ref. 2)

The 15N hydrogen profiling method makes use of a narrow, isolated resonance to measure
the hydrogen concentration vs. depth in solids.. If the sample is bombarded with !5N at the
resonance energy (6.385 MeV), the yield of 4.43 MeV‘gamma-rays is proportional to the
hydrogen concentration on the surface. If the beam energy is raised, the hydrogen on the
surface will not be detected because the cross-section above the resonance is three orders of
magnitude smaller than the resonance cross-section. As the '*N slows down passing through
the solid, it reaches the resonance energy at some depth. The resonant y-ray yield is piopor-
tional to the hydrogen concentration at that depth. Hence, to detenhine the hydrogen

concentration vs. depth, the yield of characteristic y -rays is measured vs !5N energy.

The 5N beam is incident on the target as shcwn in Fig. 6 and the yield of gamma-rays is
measured with a 3 inch by 3 inch Nal detector outside the vacuum detector about 1 inch

behind the target. For convenience the targets are mounted on a wheel so that they can be

changed remotely.

Shown in Figure 7 are two spectra measured with the Nal detector. Both were accumu-
lated for 6 hours, one with beam on and one with beam off. The difference between the two

spectra is the 4.43 MeV gamma-ray peak and its associated escape peaks and Compton edge.

The raw data for the hydrogen profile measured for the present example, 10 H/cm? at
40 keV implanted into silicon, is shown in Fig. 8. The bottom and left axis are the beam
energy and gamma-ray yield. The beam inteasity was about 50 namps (particle current),
hence a 5 u cculomb data point took about 100 sec. Because the characteristic y-ray from this
reaction is a high energy gamma-ray, the background in this energy region is small. The
counts plotted in Fig. 8 are simply the counts observed in a single channel analyzer window set
to count from 3.3 to 4.8 Me (see Fig. 7). The ambient background in this region without any

shielding is about 4 counts/min.
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- ""Irbl .order to convert this y-ray yield (Fig. 8) to a ﬁlot of hydrogen concentration vs. depth,
1t is necessary to know (1) the product of the cross-section for the resonance reaction and
detector gfficiency' ;ﬁd (2) the rate of energy loss of 6.5 - 7.0 MeV 15N in the target material.
Inﬂ 'or:dérft‘o determine- ( 1), we profiled two calibration samples made of sapphire implahted
with éécuraieljr known doses of hydrogen. By integrating the profiles and equating these with

the known doses, the calibration is obtained. It should be pointed out that this procedure is

independent of the dE/dx assumed for 15N in sapphire.

We used four different methods to obtain dE/dx for 5N in silicon: Northcliffe and
Schilling,!8 corrected using Ziegler and Chu 4He stopping powers?! for Z, oscillations,25:26,
theories of Lindhard and Winther,22 and Nesbet and Ziegler.23 The results were, respectively:
1.55, 1.50, 1.49 and 1.44 MeV/um. We used the average, 1.50 MeV/um. Once dE/dx has
been determined, the yield of y-ray vs. energy is converted to hydrogen concentration vs.
depth using (depth into solid) = (E - Eg.;)/(dE/dx) where Eggy is the resonance energy.
The concentration scale is given by (hydrogen concentration) = (constant) (dE/dx) (y-ray
yield/p Coul.) where the constant is dependent only on the product of the resonant cross-
section and detector efficiency and was determined by the calibration procedure outlined

above. These scales are shown on the top and right in Fig. 8.

There are some general comments which should be made conceriing this method. First,
for any target this reaction can give 2 signal only from H. The !5N is below the Coulomb
barrier for reactions with all elements other than H and, consequently, cannot undergo naclear

. reactions with any other elemen:t. Second, the depth resolution near the surface is narrower
than previously published. In the present case it is about 4 nm. Analysis of surface peaks,
such as that shown in Fig. 8, shows that the literature value foi the width of this resonance is
n9t<o,‘9 keV (C.M.) but more like 0.4 keV. This improved depth resolution has at least one

v impor‘tant consequence. Namely, the cverpresent hydrogen surface peak does not extend into

:débthé for niore than a few hundred Angstroms. This allows one to probe the near surface
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regio;l. “This is in contrast to a reaction such as that induced with !9F. Thirag, there is a larger
cross-section resonancé at 13.351 MeV (}5N lab.) which could be used if additional count rate
is desirable. This resonance has a gamma-ray yield/p coul. about ter times greater than the
6.385 MeV resonance. This greater sensitivity is achieved with a loss of depth resolution; the

higher energy resonance has a depth resolution of about 215 A at the surface.

'H 4+ 7Li (~ 3.5 MeV) » y-ray (Ref. 3)

This method for measuring hydrogen concentrations prcfiles within the near surface
region of material makes use of the 'H(’Li, y)3Be reaction. At the resonance energy of 3.07
MeV the emitted 17.6 MeV gamma rays of 3Be are detected by a 20 cm x 15 cm Nal detector
with a plastic anti-coincidence scintillator and the spectrum is accumulated and stored by an
on-line computer system. A typical pulse height spectrum {(Figure 9) shows the 17.6 MeV
gamma ray group and a 14.7 MeV group resulting from the decay to a broad state in 3Be at
2.90 MeV. The 17.6 and 14.7 MeV gamma ray yields are proportional to the hydrogen
concentration within the reaction volume of the specimen under study. The cosmic ray
background is very efficiently reduced through the use of the plastic anti-coincidence scintilla-

tor. The count rate due to cosmic rays is typically 0.01 cts/sec.

In order to determine the absolute hydrogen concentration a comparison is made between
the y-ray yield of the sample and that of a referenre sample whose hydrogen content is known.
A correction is applied to account for the differences in stopping power in the reference and
sample specimens. National Bureau of Standards hydrogen-in-titanium standards are used as
reference samples. The as-received surfaces are removed by mechanical means io expose the
interior o1 the sample. In order to be acceptable, each standard used is required to have a
uniform distribution of hydrogen over 2 2 pum probing depth, and for the calibration to be

valid, y-ray yields from each must be in proportion to the known buik hydrogen concentration
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(016, 0.55':"and 1.0 atomic percent hydrogen). Details of this calibration procedure can be

" obtained from the authors of Ref. 3 a,b,c.

Frghre 10 shows the concentratron profile for a hydrogen rmplanted slhcon sample
. : Results are shown for two separate measurements (taken a week .part) that were mdmduady
' _cahbrated wrth drfferent sets of hydrogen-m-trtamum reference standards. The peak a; 3.07
_ MeV ;corresponds_ to a high hydrogen concentration at the surface of the sample. The centroid
‘ of the 4.04 keV H implantation peak‘is located at 0,44 pm. The depth scale is derived from the
'react_ron, a ‘_'depth reso]utlon of 170 nm, has not been extracted from the profile. However, on
deconvolutmg the resonance width from these data, we obtain the range straggling of 105 nm

for the 40 keV hydrogen implant.

' The lH(7L1, y) 8Be reaction is capable of measurmg hydrogen concentratlons to a depth .

of 8 pm wntb a level of detectablhty of sllghtly less than 0.1 atomic percent in inost metals

H+ 1B (~ 2 MeV) — 4He  (Ref. 4)

o : The schematic drawing of the experimental apparatus is represented on Fig. 11. The
tncident‘ ”B-beam (~ 2 22.V) interacts with hydrogen in the sample wrth the nuclear reaction
1g + 1H -a+ 8Be - a+ 2 a. This reaction is isotropic24 with a cross-section estimated
to be & 8 mb/str at resonancer The product a~part1cles are detected by a surface barrier
detector bos}erea by a 3 Apm mylar ahsorber to eh’minate scattered 11B jons (see fig. 11). The
'expenmental excrtatxon data of the proton 1mplanted srhcon sample is shown on flg 12 (this

. data rs the average of three drfferent ruhs)

On another snhcon sample we have measured the energy loss of the incoming boron beam

and found dE/dx St 810 ‘keV/pm. This value is slightly Jower than our previous

Tl ,memremema: of 880 keV/nm
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Tke excitation data plotted after some layers have been removed with anodic oxidation (0,
1000 A, 1500 A, 2000 A, 2500 A) are shown in Fig. 13. The vaiuc of dE/dx = 810 keV/xm

is used to transforin the energy scele into a depth scale (see fig. 12).

To extracf 'tlA1e hydrogen profile from the excitaticn data (fig. 12) we have vsed a
convolution process. We assume that hydrogen profile is made up of a thin layer of surface
contamination and by a hydrdgen distribution at the implantation depth R,. At first we
asspmed a Gaussian distribution defined by R, and a standard deviation o,. The fit of the
excitation curve (shown as a solid line in fig. 12) was calculated assuming a Gaussian distrib-
ution corresponding to R, ~ 6100 A and oy~ 620 A (sample tilted at 45° from the incident
beam direction) and the resulting calculated spectrum is shown in fig. 14. We obtain good
agreément between the experimental and the compuied excitation curvé. A fit of the excita-
tion curve performed from a dissymmetrical hydfogen distribution appears unnecessary. It
must be pointed out that the width of the excitation curve (in fig. 12) takes into consideration

several standard deviations since of R "'l?l + 012{ + a§.

- o = total standard deviation deduced by fitting of the experimental excitation curve.

~oy corresponds to the standard deviation of the implanted hydrogen profile.

- op is the standard deviation corresponding to the resonance width of the nuclear reaction

T = 66 keV = o ~ 350 A).

LA is the standard deviation due to the straggling of the 1B analyzing beam. o, has not
been found important in this experiment. This is clear in fig. 13 where the widths of

the excitation curves are independent of the layer thickness taken off by anodic

oxidation.

D + 3He (~.75keV) - 4He (Ref. 5)

The application of the D + 3He - a + p nuclear reaction with a Q value of 18.35 MeV
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for profiling deuterons in solids is shown schemacically in fig. 15. The cross-section is

.i“s'otrobie and for incident energies of 750 keV a constant cross section of 70 mb + 5% can be

e - assumed for depths up to 500 nm [ref. Se and Sf]. The depth profile is obtained from the

enerny drstnbunon of the outgoing a-partlcles and no wmdow can be used in front of the high
| resolutron surface bamer detector. There are 2 to 3 orders of magnitude more backscattered
3He rons (dependlng on the substrate material), and the count rate for 4He is low (about 1 per
sec) It could however, be nnproved by electromagnetically separating the lower energy 3He

. ions from the higker energy 4He ions.

In order to determine ihe surface location in the a-spectrum the detector must be energy
calibrated. This was performed with an 24! Am-spectrum and backscattering spectra at several
incident ion energies. Also; the experimental geometry must be known to better than 1° for
calculating the energy of a-particles produced at the target (typically 3 to 4 MeV). The
protons produced in the reaction have an energy of about 15 MeV. As they lose only bart of
their energy rvithin the dep_letien layer of the‘detector, they can be found at different energies

in the spectrum, depending on rhe bias voltage of the detector (fig. 15).

The absolute amount of implented D can be _obtained from the integrated proton peak or
the a-peak if the 3He dose and the a_ngle of the detector are known. These two quantities
enter also into the height of the 3He backscattering spectrum if channeling is avoided. Thus
the ratio between the integrated 4He (or proton) counts and the height of the backscattering

spectrum give directly the total amount of implanted D [ref. 5f).

In order to obtain the depth profile from the “He spectrum, the stopping powers of 3He
and 4He have to be known. In this work, tue values of Ziegler and Chu2! have been used.
For getting good depth resolution, flat svrface. nd large angles B have to be used.5d Then a
». ">ne_ar-surfa‘ee resolution of ~ 3 nm can be obtained. For larger depths the resolution gets wider

‘due to ﬂhetuarions?in the stopping power and the finite acceptance angle of the detector.
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The technique described iz applicable for all solids. It has already successfully been used

for D profiling in C, Ti, Zr, Si and Stainless Steel.5¢-f-8

D+D-+n+3He

Sez Ref. 6.

T+!H- 3He +n

See Ref. 7, and paper by J.C. Davis, H.W. Lefevre, and C.H. Poppe in this issue.

(CH or 'H) + 35C1 (30 MeV) = (?Hor 'H) (Ref. 8)

The technigue M + 35Cl1 - H + 35Cl is essentially similar to Nuclear Backscattering
spectrometry. The main difference, of course, is that we are detecting the recoiling nucleus

(here H) rather than the scattered incident particle. The layout that is used is indicated in

figure 16.

Since we are looking at recoils, the detector angle # must be small. This means that with
thick targets, the normal to the surface must make a large angle with the beam direction
therefore requiring an accurate goniometer and reducing the thickness that can be explored
(here 1 um). A filter (normally mylar) just thick enough to stop the high flux of elastically
scattered 35Cl ions must be used to prevent them from reaching the detector. The energy of
the 35C1 beam (30 MeV) is chosen so as to maximize its stopping power, dE/dx, while 3i the
same time being much below the Coulomb barrier to eliminate nuclear reactions from any

element. The kinematic energy variation with angle being large, narrow slits must be used in

front of the detector.

A typical spectruin is shown in figuré¢ 17. 1t is similar to a standard backscattering

spectrum and its analysis has been done by the same techniques. The dE/dx have been takéﬁ
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fromthe ta'hl'\es‘of *Northcliffe and Schilling!8 and the scattering cross sections have been

i:omputed from the Rutherford formula.

’The main advantage of this method is its generality. It can be used to profile simultane-
-nusly nll elements lighter than 20Ne, with similar depth resolution (~10 nm) and
sensitivity(<10'5 H/cm?2). Thin targets can be analyzed by transmiss_ion; ihereby lifting the
requirement of large target tilh No evidence of sputtering of the target by the 35Cl beam was

observed after repeated runs.

1H 4 1H (30 - 60 MeV) = 'H + 'H Coincidence  (Ref. 9)

NOTE: The following technique was inappropriate for the round-robin sample, and is not

shown in Fig. 1.

In the transmission-coincidence method (Fig. 18), two equal energy protons (or deuter-
ons) are detected in fast coincidence and the sum of their energies is recorded. The energy
loss is larger after the scattering event than before because: (1) there are two protons losing
energy rather than just one, (2) their path length through the material is increased by a factor
| of 1.4 because their directions are at 45° to the normal, and (3) each particle has half the
initial ene’réy which mea‘ns' roughly twice the rate of enmergy loss. Thus the energy loss per
nlicrbn of thichneén is about 2 x 1.4 x 2 = 5.6 times larger after the scattering than before,
and the summed energy is therefore larger if the hydrogen is located near the front of the foil

(beam entering side) than if it is near the back.

A typical measurement of the summed energy distribution is shown in Fig. 19. The two
- peaks aie due to hydrogen on the surfaces. It is usually sufficiently accurate to assume a linear
g relatlonshlp between summed energy and depth thh these peaks marking zero and full depth,

50 the depth proflle is Just the summed energy wuh thls cahbratlon Corrections to intersity
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are needed to correct for multidle scattering, and if samples are especially thick, small correc-

tions should be applied for non-linearity in the depth versus summ~d energy relationship.

This method has also been used for helium analysis and can easily be used for deuterium
analysis. In the latter, thin deuterated films can be placed on the two surfaces in a calibration
run, and in the former special foils with helium impregnation were prepared for the calibration.
In normal hydrogen analysis, intensity calibration is done with thin plastic films of known

hydrogen content placed over each surface; this also determines the multiple scattering

correction.

Since this technique is absolutely specific for the nucleus under study, problems of
background subtraction are eliminated, whick enhances sensitivity. Measurements have been
made of hydrogen contents below 0.1 ppm by weight. All calibrations are contained in the
experiment with no need for ctoss sections or stopping powers. Data analysis is trivial, with
no need for deconvolutions. The incident beam energy can be adjusted to fit the sample
thickness (if sufficient beam energy is available); best results are.obtained if about 10% of the

beam energy is lost in traversing the sample. The depth resolution is 5-10% of the sample

thickness.

D + 'H(~ 2MeV) - IH  (Ref. 10)

The direct backscattering technique can be used to detect and profile very low-Z impurity
distributions in higher Z substrates, a fact which was generally unrecognized until recently.2?
The method can be used both on thick and thin target substr: tes for all impurities whose mass
is greater than one atomic mass unit. Detection sensitivity is greater on foil targets than on
thick targets because background problems largely disappear. However, good results are also
achievable using thick targets; a thick silicon wafer was used in this study to demonstrate this

point and also to provide internal consistency with other experiments reported in this paper.
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- The technique  consists cf-.bom'barding; a deuterium implanted silicon sample with a
' monoenergetic: cellimated beam o't; protons at an energy of 2.0 - 2.5 MeV and then energy
analyzing those protons elastically sc-attered at a high angle with respect to the incident beam
direction (typlcally 160° -'170 °). A schematic representation of the experimental arrange-
"n.lentiz-m:d é:typiéa':l; Esj:oet':tnim is shown in Figure 20. Enérgy analysis is most often accom-
phshedusmg a standard surface barrier detector, though electrostatic2® or magnetic2? energy
analys1s has féls.o. bé‘eh‘ u"s'edA for very high resolution work. Protons backscattered from each of
“the élémén'ts c&rﬁpriéing'the. surface of the target arrive at the detector with a unique energy
E thich is determined by the mass of the struck target atom M, the initial energy E, of the

incident protons of mass M, and the laboratory scattering angle 8, according to the relation

cos 8 + [(My/M;)? - sin? 6] 1/2]2

1

E; = kE, where k = [

This study invblves profiling a deuterium distribution implanted in silicon at 31 keV. A raw
data plot of backscattered proton counts versus backscattered proton energy is shown in
Figure 21. The scattering angle of the detector was § = 164° so that from Eq. (1), kg; =
0.868 and kp = 0.115. Eg; and Ep, for surface silicon and surface deuterium are indicated by
vertical lines. v The energy position of surface carbon and surface oxygen and other low-Z
elements are also indicated. (The large peak at ~1.2 MeV is not due to an impurity but to a
resonance ih the scattering cross section for protons on silicon.) The depth of the deuterium
distributicn into the i surface is indicated by the inset depth scale which was determined from

the relation

AE
Nel

)

B 'whe‘re't is the depth at which an incident proton is backscattered, AE = XE, - E,, N is the
‘ ;,vafom density and [e] is the backscattering energy loss factor defined by Eq. (3) below:

kplejn) e Loy v .
Tcas 0al © [c0s Oy | 3

el =
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For AE << E,, the relationship between t and AE is linear and a depth scale for each element
present in the sample can easily be determined. The energy at which protons scattered from
deuterium on the surface of the sample is determined explicitly from Eq. (1), so there is no
ambignity about specifying the zero position of the depth scale for any impurity elements
present. Stopping cross sections as a function of energy are tabulated in several publications.

Those used for this data reguction are from Ref. 16.

The concentration of the implanted deuterium can be determined from a knowledge of the
elastic scattering cross section of deuterium (hydrogen) for 2.5 MeV protons. The data of

Kocher and Clegg3? were used here. The appropriate formula for the atomic areal density is
given below.

_ AD Og; GEi
T Ey w W @

Ap is the integrated number of counts from protons backscattered from deuterium, Hg; is the
height (counts per channel) of the silicon spectrum in the near surface region, 6E; is the

energy span per charnnel, and sigma is the respective differential elastic scattering cross section

for protons on silicon and deuterium.

In this experiment.a 25 mm2, 100 pm deplet:.n depth premium quality silicon detector
was used with the recommended 75 V bias. No detector filter» is necessary (or desirable). The
detector resolution in the experiment was 8.7 keV which corresponds to a depth resolution of
8 nm for an angle of incidence of 80° from the normal and 98 nm for normal incidence.
Using an electrostatic energy analyzer and grazing incidence geometry, depth resolutions below
1 nm have been demonstrated using the elastic scattering technique.28 No deconvolution of the
data is necessary to obtain an accurate impurity depth profile using the nuclear elastic back-
scattering technique. The detector resolution does not affect the measured mean range since
both the detector function and the m_easured profile are symmetric distributions. The detector

enel"gy spread adds ~2% to the true FWHM at 80° from the normal and 11% for normal
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incidepqe.;;,'l‘his correction can be mzde in a straight forward manner in either case.

Determmatlonof tﬁe lllalv'oje'cted range for 31 keV deuteﬁum in silicon agree well with
tﬂéo;étic;al;;;aléulé;ibné. : The :mt;.a»l'suted FWHM when corrected for detector resolutioﬁ effects
ei(ééed v‘ thew(’:aléulatéd\ values. This is not unexpeéted bécause the sample analyzed was
implanted to highéf; fluences (5x 1017D/cm?) than other s#mples and some saturational

broadenihg is probable. The resulits for three trials are summarized below:

Trial 1: R, = 40904 FWHM = 18004 4 = 164°
Trial 2: R, = 40604 FWHM = 20704 8 = 164°
Trial 3: R, = 40404 FWHM = 12304 0 = 120°
Average: R, = 40604 FWHM = 1935A

It should be noted that the key factor which [;ermits use of the conventional elastic
‘backscattering technique in the profiling of light elements in higher Z substrates is the large
enhancement in the nuclear elastic scattering cross section as thc energy of the incident beam
particles apprbaches the Coulomb barrier energy of the light impurity atoms in the target. At
incident proton energies in the range of 2.0 - 2.5 MeV, the elastic cross section enhancement
(over Rutherford values) ranges from a factor of ~8 - 14 for protons on oxygen or carbon to a
factor of ~200 - 400 for protons on helium or deuterium.3! This is the key to the success of
this method’. Because Coulombic cross sections decrease as the square of decreasing atomic
charge, the possibility of observing very low Z elements in higher Z' substrates is still not

universally recognized as being within the capability of conventional ion backscattering.

Special attributes of this technique include the foHowing:

1. Al other low-Z impurities in the sample are profiled simultaneously. This is
indispensible in sequential-event studies to monitor the surface cleanliness,
-oxide or carbon layer buildup, impurity migi-ation, and release, etc. A

. ,The»;substrate is also simultaneously identified as to elemental composition,

_ stoichiometry and (in the case of films or foils) arsal density. The latter is

- < essential information in‘siudies in which the sample surfaces may experience
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(ion) erosion, spallation and fiaking or in layer-structures where interfacial
diffusion may occur.

3. Proton backscattering spectra are very quickly acquired and are very simple to
interpret because the technique involves purely elastic scattering. Spectra do
not require deconvclut_ion. Direct proton backscattering is capable of probing
depths down to tens of micrometers and is not restricted to transmission (foil)
samples. The surface position of each low-Z impurity is established kinetically.
Polished samples are not required, nor are high energy, heavy ion beam accel-
erators or cyclotrons.

4, Limitations include the inability to detect 'H (2H must be used instead) and

lower detection sensitivity than some nuclear reaction techniques.

Secondary Ion Mass Spectrometry (SIMS)  (Ref. 14)

In-depth concentration profiling by secondary ion mass spectrometry is achieved by
sputtering the sample and simuitaneously recording the intensity of the secondary ion of
interest. The ion optical design of a typical instrument is described in Ref. 14a. Depth
profiling techniques are described in references 14b and 14c. Other applications of the
technique to studies of hydrogen embrittilement, environmental problems, and ion implant

depth profiling are described in references 14d -- 14f.

Accurate depth profiling in SIMS requires careful attention to the problem of discriminat-
ing against ions sputtered from the sides of the sputtered crater. Such discrimination is
necessary to ensure that the ions come from the same depth in the sample, so that the
sputtering time scale can be accurately converted to a depth scale. Elimination of the crater-
rim signal can be accomplished by means of either an ion-optical or an electronic arperture.
The latter technique allows data accumulation only dilring the time that the primary ion beam

spends in the central portion of the eroded area. Optimum performance is achieved by
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combining both aperturing techniques. The primary ion beam is raster-scarned in order to

erode a flat-bottomed crater.

>A critical step in the evéluation,of .the raw data is to establish the depth scale. The
ﬁrobieni of aﬁéolute 'concentﬁtion determination would, in principle, require knowledge of the
ibnizétioﬁ prdbability 6f the partiéular ion and of the transmission characteristics of the mass
speéfroiﬁetér. However, this problem can be overcome by using standards. Depth scales can
be' establishéd either (a) froﬁx knowlédge of sputtering rates or (b) by measurement of the
spﬁtteréd crater depth after é!ialysis. In multilayer samples, where spuitering rates may vary as
different layers are traversed, depth scales are best established by means of a non-sputtering

technique such as Rutherford backscattering spectrometry (see ref. 14g).
{a) Use of sputtering rate information.

The transformation from time to depth scale using sputtering rates requires exact knowl-
edge of the sputtering vield and of the flux density of the primary ions. These two quantities
are in genéral not too well known. Even in the favorable case of a Si matrix where there is no

surface roughening, this uncertainty is estimated to be about 30%.

For the present deuterium profiles in amorphous Si, the erosion was performed with an 11
keV Art beam, raster-scanned over an area of 85 x 85 um. The frame speed was 5.7 sec per
full sweeﬁ, resulting in an erosion of 4.8 monolayers at a (focused) current of 9.5 nA and a

sputtering yield of 1.5 atoms/ion. The data were obtained as described in ref. 14b. Typical

results are shown in Table 3.

A special problem was met in profiling hydrogen. Here, a much higher baciground at

mass_i -- as compared to the background at mass 2 for deuterium -- rendered it impossible to

measure the total implantation profile; only the maximum of the range distribution was

- significantly above this background. This effect might be due to both H redeposition from the

. "Ax,jes_idualﬁgas_, and the influence of the "neutral beam", i.e., a beam not influenced by the scan

e
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generator and thus rendering electronic gating ineffective. Several methods are currently being

tried to overcome this problem.

(b) Measurement of crater depths.

For the highest accuracy, the sputtering rate should be determined in situ by measuring
the depth of the crater eroded during the analysis. This is necessary in any event when the
sputtering yield has not been independently determined -- i.e., for non-normal incidence Art
or for Cs* primary species. Both Talysurf and interference microscope techniques have been
used to obtain the results shown in Table 3 The Talysurf was calibrated with a standard
roughness sample, and the quoted errors reflect the calibration accuracy. The errors quoted
for Cst are the standard deviation of the interference microscope measurements. No attempt

has been made to estimate systematic errors in this case.

Hydrogen and deuterium profiles obtained using Ar+ and Cst bombardment SIMS
respectively are shown in Figurees 22 and 23. The hydrogen profile obtained in the Cs+
instrument exhibits a high background (about 20% of the peak implant signal) due to residual
hydrogen-bearing sp;acies in the sample chamber (background pressure 1.5 x 108 Torr).
These species can adsorb onto the freshly eroded surface giving rise to a signal which at the
pressure quoted is equivalent to that produced: by a sample concentration of about 4 x 1019
atom/cm3. The H profile shown in Figure 22 was obtained in an instrument with a _UHV
sample chamber. Hydrogen secondary ion background in this instrument is further re«iuced
through elimination of the neutral beam emanating from the primary ion source, and through

the use of stigmatic imaging secondary ion optics to combine ion optical aperturing with the

electronic aperturing technique.
Quantitation

To convert secondary ion intensity ratios to concentration values, comparison with

standard samples is required. No well-characterized bulk samples were available to us.
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' ‘,‘Coniparison was made with other ion-implanted samples (H implanted into Si single-crystal

substrates). The round-robin doses were found to be:

H 1.3 x 1016 atom/cm? (Cs*)
H 6.0 x 10!5 atom/cm? (Ar*)

D 9.0 x 1016 atom/cm? (Cs+)

The deuterium dose was calculated by reference to a proton implant standard. The

_calculation involves the assumption that the yield of H- and D" are identical. No information

presently exists as to the accuracy of this assumption.

General comments

The strong points of the ion microprobe SIMS technique are high sensitivity, (< 1 ppm in

a 'depth profiling mode in the presence of background), minute sample consumption (10 -- 100

ng); ability to analyze all isotopes including H and D, in the same analysis if necessary, and

capability for ion imaging. The major weaknesses of the techniques are the susceptibility to
matrix effects (variation of ion yield with sample composition) and lack of a quantitative
theory of the ion emission process. Furthermore, for many samples the development of crater
surface roughness from the sputtering process can cause degredation of depth resolution.
Consequently, standards are required for quantitation, and in the low concentration region (<
0.1 atom %) in which the technique excels, few quantitative techniques exist for confirmation

of concentration, and certification of lateral and in-depth homogenity of standards.

_ Observation of Lattice Damage  (Ref. 13)

We approached the damage distribution by various methods. Most of the measurements
were made by backscattering and channeling to profile the defect distribution (crystal damage)
- due to hydrogen bombardment. The resuits were verified by measuring the depths of blisters,

‘and by spreading-resistance measurements on a beveled sample.
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The channeling metihed measures the damage-distribution rather than the hydrogen

distribution. But for light ions such as protons, we espcst that both distributions are very

similar to each ot&er.16

Damage distributions for protons in silicon were measured by backscattering and channel-
ing with 4He* jons. The silicon sample was mounted on a goniometer that had three degrees

of freedom: rotation, tilt, and translation. The beam was aligned with respect to the <100>

axis at the center part of the target.

After the beam was aligned on this center part, the target was translatec by about 4 mm
so that a clcan beam spot (diameter about 0.5 mm2) was under investigation. A random
spectrum was obtained by tilting the target by 7° and rotating the target during the run,3! or

alternatively at a fixed angle such as 7° from the <100> axis and 10° from the §111} plane.

A typical set of runs is given in Fig. 24, for samples damaged by 1 x 1017/cm? protons at
40 keV. For the data acquisition, 20 xC of 2.08 MeV helium ions backscattered at 170°C
with incidence along the <100> direction was used, and the solid angle for the scattering was
4.11 msr. The damage region is seen to be well localized at a given depth, and in the surface

region of the sample the amount of damage is too small to be detected by chaaneling.

The spectrum of the damaged Si contains contributions from both scattering and dechan-
neling. To extract the damage profile, the contributions must be separated; that is, the
dechanneling background must be obtained beneath the damaged spectrum. Ziegler3? and
Schmid33 treated this type of problem by the method of Bogh.34 Both their treatments require
that a dechanneling model be assumed. It turns out that if the damage peak is large by
comparison to the dechanneling contribution, the uncertainty in dechanneling background does

not significantly influence either the position of the damage peak or the full width at hailf

maximum--FWHM--of the damage spectrum.

For our analysis we modify Ziegler’s method32 by combining single scattering and multiple
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ng m the dechannehng calculation. The calculation begins with a dechanneling level for

4He beam; raversmg an undamaged crystal Any increasé in the random fractron of the yield

‘is assumed‘ to be due to scattenng from "displaced silicon atoms," and the dechanneling due to

lsplaced atoms rs calculated the amount of random fraction of the yreld due to

",dechannelmg 1s then subtracted from thls depth and the next depth mterval The number of

1 -equwalent dlspraced atoms and therr dechannehng contnbutlon are calculated agam The
ax procedure 1s contmued for mcreasmg depth until the defect-free region is reached, and then

L :the depth dlstnbutron of the displaced atoms is obtamed

Figure 25_shows damage distribution obtained by applying this procedure to energy

. spectra m F:g 24 No correctron has been made for the resolution of the detecting system or

t‘or energy stragghng of helrum ions in s1llcon Such effects lead to a correctlon of about

) 20—40 A to the broadening- of the FWHM of the extracted profile given in Fig. 25.

: fhe ﬁdé}éct,concentration»given in Fig. 25 is on a relative scale. If one tranmslates the

‘ concentration into the _equivalent number of random scattering atoms that produces the
random peak and the dechanneling level given in Fig. 24, the relative scale in Fig. 25 can be
considered to bethe percentage of the silicon atoms randomly displaced from the lattice site.

Near the ma:umum defect regron, for example (Flg 25), the fact that about 40% of the silicon

"__atoms are . randomly drstnbuted off lattrce site is what produces the dechanneling spectrum

. ‘.gweanlg 24

- '-}The"‘depth‘ scale is obtained by using the energy loss table of Ziegler and Chu.2! For the
: mcldentpart of the beam, channeled energy loss along the <100> direction is assumed to be .
-‘_':'80% of the va]ue for random drrectlon Any locallzed energy loss value is a superposition of

nneled and random energy loss accordmg to the fractional amount of random atoms in

ilicon: crystal One can easlly see in Fig. 1 that the area in front of the defect reglon is almost
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The +£5% uncertainty in the energy loss will influence the depth scale directly. The
uncertainty in the ratio of <100> energy loss to random energy loss will influence it less. For
example, changing this ratio from 0.6 to 1.0 (instead of 0.8, the value used in our calculation)
will increase or decrease the depth by only 5%, because the outgoing path ir along a random

direction.

Detail study of this work is given in a separate report where we study the damage as a

function of proton energy and implantétion temperatﬁre (available from the authors of Ref.

13¢).

CONCLUSIONS

We have attempted to evaluate nine ion beam techniques which have been used to profile
hydrogen in silicon. Our' choice of hydrogen in silicon as a target put constraints on certain
techniques which have been pointed out in the text. Brief descriptions have also been included
of ion beam techniques for which this target was inappropriate. But in general we have shown
that quantitative analysis of hydrogen in silicon is possible with accuracies better than 8% in

total hydrogen, and in hydrogen depth profiling.



- Nuclear Reaction with Ganima-Ray Detected:

e Ho4 19F & 4He + 160 + gamma

- H 4 15N -+ 4He + 12C + gamma

H + 'Li = 4He + “He + gamma

chlear Reaction with Product Pgrticle Detected:
H + li‘B -—. 4He + 24He
D + He ~ He + 'H
D+D-+>n+3He
T+ 'H-3He +n
Nuclear Forward Scattering:
IH + 35C1 = 'H + 35CI
H + "I—’I‘- IH + H
Direct Backscgtterir:g:
D+H-H+D
Observation of change in stopping power:
Observation of lattice location of hydrogen:
Observation of lattice damage:

Secondary lon Mass Sepctrometry (SIMS)

e TABLE1 -

Ref.
Ref.

Ref.

Ref.
Ref.
Ref.

Ref.

Ref.

Ref.

Ref.
Ref.
Ref.
Ref.

Ref.

10
11
12
13

14
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TABLE 2a

TYPICAL EXPERIMENTAL CONDTIONS FOR PROTON PROFILING

Technique Ref. No.

(see Table 1) 1 2 2 3 4 8 13 14 14
Ton Beam Type Bg N N 7Li 1B 35C1 4He 0Ar 133Cs
Beam Energy (MeV) 17 7 7 3.5 2 30 2 005 .02

Beam Current (nA) 30 50 20 450 20 9 20 1000 30

Beam Spot Size

(Dia. in mm) 4 7 4 32 1 4 1 07 024
Total Charge for

Profile (uC) 45 200 120 3000 25 38 20 990 30
Total Time for

Spectrum (min.) 45 120 130 100 45 69 17 15 14
Net Counts at H

peak* 843 700 650 543 1000 647 100 5x105 7000
Particle Detected y-ray ‘'y-ray y-ray y-ray « H He H+* H-
Detector Type Nal Nal Nal Nal Si Si Si SIMS SIMS
Detector Angle ~90° 0° ~90° 90° 90° 20° 170° 0° -
Detector Filter - - - - Mylar Mylar - - -
Detector Solid-

Angle (msr) 700 800 700 3100 740 0.7 4 - -
Target Tilt from

Normal to Beam 0° 10°  0° 0° 45° 80° 0° 60°  17°

Heat into Sample
(watts) 51 .35 .14 1.58 .04 054 .04 005 .0008

Estimated Depth
Resol. in Si (nm)
FWHM at 400 nm 20 4 4 170 40 21 20 10 10

*PROTON IMPLANTS WERE 10!6 H/cm2 AT 40 keV.



" (see Table 1) -

~ . Beam Energy (MeV)
" Beam Current' (nA)

Beam Spot Size
(Dia. in mm) "

Tot_él Charge for
Profile (uC) - <

Total Time for
Spectrum (min.)

Net Counts at H
peak*:
Particle Detected
‘Detector Type
Detector Angle
‘Detector Filter

Detector Solid-
Angle (msr)

Target Tilt from
" Normal to Beam

Heat into Sample
(watts) :

. Estimated Depth
" ~Resol. in Si (nm)
-FWHM at 400:0m -

cchnigue Ref. No. -

- 3He

75

224
120

18

Si

50°

.04

60°

.02

23

TABLE 2b

.75

30

544

300

- 35

Si

110°

- Q°

.02

60

3501

30

45

125

1250

2H
Si
20°

Mylar

0.4

80°

.036

15

10 14

b2 | 40Ar
2.5 011
15 10

1 005
20 33
20 45
330 1600
1H 2y+
Si SIMS
164° -

31 -
0°-60° 0°
037 .0001
98-21 12

'*DEUTERON IMPLANTS WERE 1017 D/CM2 AT 31 keV.
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‘TYPICAL:EXPERIMENTAL CONDTIONS FOR DEUTERIUM PROFILING

14
133¢g
.02

30

024

30

17°

.0008

10
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TABLE 3

Depth Assignments for H and D round-robin samples using SIMS.

H(40 keV) D(31 keV)
R, 3880 x 50 A Cs+) 3990 + 50 A (Cs*)*
3965 + 100 A (Ar+) 5000 A (Ar+)+
FWHM 1010 + 50 A (Cs*) 1410 + 50 A (Cs+)

1000 + 100 A (Ar*) 1800 A (Ar*)+

* An independent check of this depth assignment was made using a calibrated Talysurf. This

measurement gave R, = 3965 + 50 A.

4 Depth was determined from established sputtering rates without post-measurement of crater

depth.
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Shown are the results of various techniques applied to profiling hydregen in
silicon. The hydrogen was ion implanted at the energies shown to produce a
hydrogen peak about 400 nm below the silicon surface. The upper portion of this
figure shows the Range (location of the H peak) as determined by each method.
The middle portion of this figure shows the straggling of the H distribution,
defined as the width of the‘H peak (FWHM). Ti.1e lt;wer portion shows the total
H concentration measured n ‘the sample. Whe;‘e values are missing (such as
number 6 in the lower plot) it is due to that technique being inapplicable to that
measurement (see text for details). All numbers in the same vertical column w;ere
measure_m.énts on the same sample (some samples were cut into several pieces).
Numbers in parenthesis indicate a second measurement on the same sample (these
samples may have been subjected to anomalous redistribution of hydrogen during
the first analysis). The numbers correspond to the references of the ion beam

techniques (see Table 1).
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Experimental Apparatus for Hydrogen Depth Profiling.

Figure 3. Typical experimental apparatus for the profiling of H in materials using techniques
where a y-ray is emitted (see Ref. 1-3). Good vacuum conditions are desirable to
prevent hydrocarbon build-up on the target surface. In this setup a cryopane!
surrounds the target. The y-rays from the three techniques in Ref. 1-3 are all

believed to be isotropic, so the Nal detectors can be placed at any convenient

position.
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Figure 4. Gamma-ray spectrum from the nuclear reaction 1°F (~ 17 MeV) + 'H. The
dashed lines indicate the counting window. The various peaks correspond to full
y-ray energy, and the first and second escape peaks. The high energy background

is hiostly due to cosmic rays and is normally removed from spectra (this back-

‘ground is time-dependent).
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Figure 6.  Typical experimental apparatus for the profiling of H in materials using techniques
ivhere high T1.-\2nergy y-rays are emitted (see Ref. 1-3). In this setup the 7-ray.
detector is placed directly behind the targets to maximize the detector solid-angle.
The entire target chamber is electrically isolated and acts as a Faraday Cup.
Since the tecﬁniques of Ref. 1-3 demand a change of accelerator energy for each

...data péint.t many targets thay be remotely rotated into the ion beam for each ion

energy.
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Figure 11. Diagram of the experimental apparatus for profiling H in materials using !'B ions
at ~ 2 MeV, and detecting the product a-particles. The mylar absorber is neces-

sary to prevent the detector from being saturated by elastically scattered !B ions.
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Experimental yield curve of the _'H + 1B (~ 2 MeV) + a + 2 a reaction from
the proton round-robin sample (average of three different curves plotted from
three different runs). The incoming !'B beam energy (lower scale) is established
by assuming that the resonance energy for the surface layer takes place at 1793
keV. The equivalent depth in the sample (upper scale) is established by assuming
an dE/dx = 810 keV/pm. The sample is tilted of 45° and consequently the

depth scale and also Rp, AR, ete...) is increased by a v2 factor.
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Yield curves of the 'H + 11B = a + 2 a nuclear reaction plotted for the silicon
sample after removing by anodic oxidation layers with 0, 1000, 1500, 2000, and
2500 A thickness. The lower curve corresponds to an unimplanted sample. The
thickness of the removed layer has been checked with a "Tallystep System" and
the corresponding energy loss is equal to 810 keV/um. No evidence for an
increase of the width of the implanted H peak caused by the straggling 6f the 1B

beam was found.
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Figure 15. The experimental setup for the profiling of D in materials is shown in the upper
left. The product particles of the nuclear reaction are 4He (~ 2.5 MeV) and

protons (~ 15 MeV). In the data spectrum shown at the bottom the energetic
proton peak is shown at lower energy than tlge 4He peak because these protons
lose only a small protion of their energy in th; depletion region of the detector.
Thus this proton peak position will be very sensitive to detector bias. The 4He
count rate is very low due to the flood of elastically scattered 3He ions. Filters

placed between the target and detector can reduce these 3He counts, but only at

the sacrifice of some depth resolution.
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ing. Typid.aliy the distancé ifrox‘n the target to the detectors is 20 cm, with the

detector coffimated down to 1 mm width.




RECOILS YIELD (COUNTS)

500 4

400

100

Figure 17.

53

ION BEAM:39C/ at 30 Mev
DETECTOR ANGLE : 20°

TARGET TILT ANGLE: 80°

6CO
CHANNEL NUMBER

Spectrum of recoils in the detector., The sample was Si implanted with D. The
arrow indicates the position of deuterium coming from the sample surface, calcu-
lated from the scattering kinematics and the energy loss in the mylar foil over the
detector. Also shown is a large 'H peak presumably from hydrocarbons or water
vapor on the sample’s surface. The small 'H peak (~10!5/cm2) may have come
from the Si implantation which was originally made to create an amorphous layer

on the Si samples prior to the H impiantation.
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Figure 18.
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Experimental setup for the detection of H in thin materials using p-p (or d-d)
coincidence for profiling hydrogen. The incident proton energy is chosen so that
it will lose about 15% of its enevgy in the target. The sum of the energies of

both protons detected in coincidence is used in the final spectrum.
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Figure 19. Experimental data results from a 125 pm thick Al foil. Peaks are due to about

0.3 pg/cm? of H on the two surfaces, and the central portion is due to 0.7 ppm
(weight) of H inside the foil. The decreased intensity and increased width of the

left peak is due to multiple scattering.
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Figure 20. Schematic representation of the proton backscattering technique, Ref. 10. Both

thick and foil targets can be used, with very low background when the latter is

used. The upper part of this figure illustrates typical experimental geometry. The

lower part illustrates typical data, with the continuovs background coming from a

thick target, and a cut-off of this occurring for a foil target. The AX is typical

.. concentration sensitivity.

depth resolution for Si for a normally incident beam, and the AN is typical
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21. Representative backscattering spectrum of deuterium implanted silicon (31 keV, 5

x 10'7 D/cm?). The deuterium peak is clearly visible at ~300keV. The surface

position of other low atomic number elerents is also indicated (note the surface

carbon peak).
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Figure 23. Typical SIMS data on the round-robin sample of deuterons in Si.

beam was Cst (for details see Ref. 36).

The sputter
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Figure 24. Random and channeled spectra of 2.1 MeV Helium ions backscattered from Si

crystal damaged by hydrogen ion implantation.
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Figure 25. Damage distribution extracted from the channeling spectrum given in the previous

figure.



