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Abstract

The Rutherford backscattering spectrometry was examined with B and *He ions.
Backscattering spectra improve in the mass resolution, the depth resolution and the
channeling minimum yield when 6 MeV B ions are used instead of 2 MeV “He ions,
which have been used commonly. Then the terminal voltage of a 1.7 MV tandem
Cockcroft-Walton accelerator was calibrated by means of a combination of the ZAl(p,
7)®Si resonance method and a new iterative method using 'H and ‘He ions. The true
terminal voltage of the accelerator is lower than the corresponding nominal values, and
the deviation quadratically increases with increasing voltage.

1. Introduction

The Rutherford backscattering spectrometry (RBS) is a very powerful method to
analyze surfaces and thin films, and has been applied to various fields of technology.
‘He ions have been commonly used for the purpose by the following reasons :

1. *He ions can be extracted easily from single-ended electrostatic accelerators,

which are widely used in many laboratories.

2. Data of stopping cross sections of ‘He in matters which are essential for the

analysis of depth profiles, are more fertile than those of other ions.

However, ‘He ions are rather insufficient for the elemental analysis and the depth
profile measurement of complicated materials, for which demand is increasing rapidly.
Figures of merit of the Rutherford backscattering spectrometry, such as the sensitivity,
the mass resolution, the depth resolution and the channeling minimum yield, depend on
the atomic number, the atomic mass and the energy of an incident ion. It is expected
that heavier ions can give better figures of merit unless an energy resolution of a silicon
surface-barrier detector (SSD) deteriorates for heavy ions. Systematic studies are few
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about the application of heavy ions to the Rutherford backscattering spectrometry’ ™.

Hence, we studied the figures of merit for 2-6 MeV ''B ions in the Rutherford backscat-
tering spectrometry and compared them with those for 1-4 MeV *He.

2. Experimental

2. 1 Ion beams

Experiments were carried out with a 1.7 MV Tandem Cockcroft-Walton accelerator
(TANDETRON) system equipped with a goniometer system. The system has two ion
sources, a duoplasmatron and a cesium-sputtering ion source. ‘He ions were extracted as
‘He™* ions from the former one at an energy of 20 keV, changed to negatively charged
(1—) ions, and accelerated from the ground to the high voltage terminal. Then, their
charge was changed to 2+ with Ar stripper gas and re-accelerated to the other ground.
'H and "B ions were extracted as !H™ and B~ ions from the latter one at an energy of
24 keV, and accelerated to the terminal. Then, their charges were changed to 1+ and
3+ for 'H and "B ions, respectively, which were accelerated again.

2. 2 Calibration of terminal voltage

It is necessary to know the exact energy of an incident ion beam in order to analyze
samples in detail with the Rutherford backscattering spectrometry. Therefore, we cali-
brated the terminal voltage of TANDETRON beforehand.

Resonance peaks” of the ZAl(p, 7)%Si reaction at 632.23, 991.88 and 1213.08 keV
have been commonly used for the calibration of the terminal voltage of an electrostatic
accelerator. Resonance peaks above 1213.08 keV have, however, large uncertainties in
their energies. Therefore, the “resonance method” is applicable in the voltage range
below 0.6 MV, corresponding to the 1213.08 keV peak. Thus we have developed an
alternative method to calibrate the terminal voltage above 0.6 MV.

First, an aluminum foil (99.99% pure, 20 #m thick) was used as a target of the
“resonance method”. Yield-curves of gamma-rays from the ¥Al(p, 7)*Si reaction, which
were taken with a 15 cm¢ x 10 cm Nal(T1) scintillation detector, gave true terminal
voltages corresponding to the above three resonance energies.

*He ions were then accelerated at one of the above three terminal voltages and the
backscattering spectra of *He?* ions from a thin Au target were taken with a silicon
surface-barrier detector which was set at an angle of 168.6° and had a Au window
40 gm /cm? thick. The target was prepared by a vacuum evaporation method on a Si
single-crystal wafer of 10 mm x 10 mm area, and its thickness was measured as 5 nm
thick with a crystal oscillator. Again, 'H* ions were accelerated and the terminal vol-

tage Vi was adjusted to give the same energy as ‘He?* ions by comparing the backscat-
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tering spectrometry spectra of 'H* and ‘He?* ions. Then, the following relations are
obtained :

Ey=2Vy+24 (keV] ¢Y)
Eye=3Vye+20 [keV] 2
Ey=FEjye [keV] 3
Va=1.5Vye—2 [kV] @

where, Ey and Ey. are the energies of 'H* and *He?* ions, respectively, and Vy and Vie
are the true terminal voltages for the acceleration of 'H* and *He?*, respectively. A
factor 1.5 is applied because of the charge difference between *He?* and 'H*, and a term
—2kV compensates the difference between the extraction voltages of the duoplasmat-
ron and the cesium-sputtering ion source. As the voltage Vy. was measured by the
“resonance method” as described before, we could obtain the exact value of Vy from
Eq. (4). In this way, ‘He®* and 'H* ions were accelerated alternately and their backscat-
tering spectra were taken. Thus, the true terminal voltages were fixed iteratively up to a
maximum nominal terminal voltage of 1.7 MV. We will call this method as the “RBS-
iterative method” hereafter.

In order to ensure that the 'H* ions accelerated at the same energy as ‘He?* ions,
the following procedure was taken. The terminal voltage was adjusted, first, for the
channel number of the peak in the 'H* backscattering spectrum to agree with that of
‘He?** ions. The peak channels were determined by fitting to Gaussian curves with the
least squares method. Then, small corrections of K-factors, energy losses in the Au

target and in the window of the detector were made.

2. 3 Rutherford backscattering spectrometry with "B and ‘He ions

The above experimental equipment was used for the Rutherford backscattering
spectrometry with "B and ‘He ions. Targets used were as follows :

Thin targets (5 nm) : Mn, Cu, Ge, Ag, Au, Pb

Thick targets (100 nm) : Mn, Au

Other target : Si single-crystal wafer

(for observation of channeling)

All the targets except for the Si single-crystal wafer were fabricated on Si single-
crystal wafers of 10 mm x 10 mm area by means of the vacuum evaporation method.
We took the backscattering spectra for these targets in energy ranges of 2-6 MeV for
B ions and 1-4 MeV for ‘He ions. Voltages supplied to the detector were 100 V and
40V for "B and ‘He ions, respectively, which gave the best energy resolutions. The
Gaussian curve fitting gave channel numbers at the peaks and their full width at half
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maximum (FWHM).
3. Results and discussion

3. 1 Calibration of terminal voltage

First of all, the aluminum thick-target gamma-ray yields were measured as a func-
tion of proton energy around the three resonant energies”of 632.23, 991.88 and 1213.08
keV. From these yield-curves, values of the deviations 0V’ of the nominal terminal
voltages V' from the true voltages V were determined as 0.38, 0.85 and 2.96 kV at
nominal voltages of 304.5, 484.8 and 597.5 kV, respectively. For the accelerator, the
nominal values of the terminal voltage are obtained by using an electrostatic voltmeter.

Then, we executed a series of “RBS-iterative method” in the nominal voltage range
above 597.5 kV. In the procedure, the K-factors of *He and 'H ions were calculated
with the kinematical formula” and the energy losses of *He and 'H ions in the Au target
and in the window of the detector were obtained from the values of stopping cross
sections taken from Refs. 7) and 8), for *He and 'H ions, respectively.

Results of the calibration are shown in Fig. 1. Marks (]’ show data taken with the
“resonance method”, and marks ‘>’ are those for the “RBS-iterative method”. A solid

Deviation V-V (kV)
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Fig. 1. Calibration of the terminal voltage of TANDETRON. Marks J’ show data
taken by the “resonance method”, marks ‘%’ and ‘+’ show those by the
“RBS-iterative method” with and without the corrections for the defects
caused by nuclear collision and recombination, respectively. A solid and a
dashed line show curves of second degree fitted to the experimental results by
the least squares method.
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line shows a curve of second degree fitted to the experimental results by the least
squares method. A dashed line and marks ‘+’ will be explained below.

In the “RBS-iterative method” mentioned so far, the pulse-height defect (PHD) of
the detector has not been taken into account for *He and 'H. The pulse-height defect
has been studied very well for heavy ions such as fission fragments in an energy range
between 10 and 100 MeV, but little data are available for ‘He and 'H with energies of a
few MeV.

Therefore, we have improved empirical equations for the pulse-height defect for

. 9),10)
heavy ions

in order to be applicable to light ions, if necessary, and estimated the
affect of the pulse-height defect to the result of the energy calibration by the “RBS-
iterative method”.

The pulse-height defect Epyp is generally divided into three parts' ;
EPHD=Ew+En+Er (5)

where, Ey and E, are energy losses in the window of the detector and by the nuclear
stopping, respectively, and E; is the defect caused by the recombination of electrons and
holes in the detector. As the value of E, was corrected beforehand in the “RBS-itera-
tive method”, it is necessary to estimate only the values of E, and E..

First , the values of E,(*He) and E,(*H) were obtained by use of Wilkins et al’s
empirical equations”, described as,

E.(*He) =16.55—274.03 / {13.55+0.72(E'— E )} (keV] (6)
E.(H) =7.20-51.84 /{7.204+0.72(E’'—E.)} [keV] )

where, E’ is the energy of ions incident on the detector.
Next, the value of the recombination defect E, was estimated as follows: We have
improved the empirical equations by Ogihara et al.'® for heavier and more energetic

ions, in order to reproduce the observed values of E; for 2C at 1-8 MeV'”. Then, we
got the empirical formula for light ions, as given by

E. = (mo/47D,C)In(4Dut, / 72) (E'—Eu) [MeV] ®)

D, =198p™0% Z 08 ~015 [cm?/s] &)

C =1.66x L0V (E'—E,)"%0%% / (4167145 [s /cm®] (10)

t, =3.25x107%p"1Z%5(7.5 x 10"S(E’— E,;) 085} 0-2F -0.85 [s] (11)

1o =7.5x10%S [em™] (12)

F =(d—x) /(1481 x107%p) [V/cm] (13)

d =(2x1481 x107%pV *%)%s [cm] (14)
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where, 7, is the initial radius of the plasma column [cm], E’ the energy of ions incident
on the detector [MeV], E, the energy loss in the window of the detector, o the resistiv-
ity of the detector [£2cm], V the detector bias voltage [V], S the total stopping cross
section [MeV/(mg/cm?)], x the distance from the electrode to the position of the
maximum density through the passage of ions [cm], and Z, A are the atomic and the
mass numbers of the ions. From these equations, E.(*He) is in the range of 0.36-0.76
keV, and E,(*H) is in the range of 0.009-0.015 keV in the energy region of the present
interest.

Results of the energy calibration which includes the effects of the nuclear stopping
and the recombination are shown in Fig. 1 with a dashed line. A solid line shows the
result without the corrections, as mentioned above. As seen from the figure, the devia-
tion increases by 75% when the corrections are taken into account. It must be noted
that values of E, and E; are not observed ones but estimated ones, and they possibly

contain uncertainties as much as a few tens percents.
3. 2 Rutherford backscattering spectrometry with "B and ‘He ions

a) Pulse—height defects

The backscattering spectra were taken for 34 pairs of various ions, energies and
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Fig. 2. Pulse-height defects of the semiconductor detector. Channel numbers at peaks
are plotted vs. incident energy of !B and ‘He ions. The pulse heights for 'B
ions (marks ‘() are lower than those for ‘He ions (marks ‘+’) at the same
incident energy.
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targets, and were analyzed to deduce channel numbers at the peaks. In Fig. 2 the
obtained channel numbers are shown as a function of incident energy Es. The values of
E4 were obtained by correcting the K-factor, the energy losses in the target E; and the
window of the detector Ey. The values of E; and E, were obtained from the stopping
cross sections given in Refs. 7) and 13), for ‘He and !B, respectively.

As known from the figure, the pulse heights for the B ions are slightly less than
those for *‘He. This is because of the pulse-height defect of the detector. However, the
energy loss in the window of the detector Ey is corrected beforehand in this case, so the
observed defects came from differences in the values of the defects by the nuclear
stopping E, and the recombination E; between !B and ‘He ions. Namely, for the equal
values of E; the pulse height of "'B is lower than that of *He ions, because the value of
E.+E; of "B is larger than' that of ‘He ions.

b) Sensitivity
Figure 3 compares observed yields of backscattered ions and those expected
theoretically” per beam fluence of 10xC for Mn and Au targets. The observed yields are
slightly less than the expected ones for the reason that the densities of the thin targets
prepared by the evaporation method are lower than the respective intrinsic densities.
The backscattered yields of 6 MeV "B ions are about half of those of 2 MeV *He
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Fig. 3. Yields of backscattered ions per beam fluence of 10 uC vs. energy of ions
for several combinations of "B and ‘He ions and Au and Mn targets.
Marks and solid lines show the experimental and the expecteds) yields,
respectively.
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ions. However, we can increase counting rates of backscattered "'B ions by simply

increasing a beam current of "'B ions.

¢) Energy resolution of system
It is necessary to know first the energy resolutions of the system 0F; in order to
apply efficiently the Rutherford backscattering spectrometry to various purposes, be-
" cause the mass and the depth resolutions depend directly on the energy resolution of the
system”. The value of 6E; is deduced from the value of FWHM JE for the backscatter-
ing spectrum of the thin Au target, by using the following equation:

0E=0E+0E, (15)

where, OF; is the energy spread caused by the energy loss of ions in the thin Au target.
The value is calculated by use of stopping cross sections taken from Refs. 13) and 7),
for "B and ‘He, respectively. In Fig. 4, 0E; is plotted as a function of E’, the energy of
ions incident on the detector. A solid and a dashed line show the respective values for
UB and ‘He ions estimated by O’Connor et al”. Our experimental values are in good
agreement with their estimation for *He ions. In the case of !'B ions, the resolution is
better for our results than for theirs, but the tendency that the resolution gets worse
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Fig. 4. Energy resolutions of the system dE for "B (marks ‘(") and *He ions (marks
‘+"). A solid and a dashed line show the estimations by O’Connor et al.’ for
1B and ‘He ions, respectively.
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with increasing energy is in qualitative agreement with their estimation.

d) Mass resolution

The mass resolution of the system OM; is approximately given by the next

. 14)
equation :

OM,=(M?*E,) / (4mE) (16)

where, M and m are the atomic masses of the target atoms and the incident ions,
respectively, £ is the energy of the ions incident on the target and JE; is the energy
resolution of the system.

Figure 5 shows the mass resolution obtained for the Au target as a function of
energy of ions incident on the target. It is clear that the mass resolution for !B ions
with an energy of 6 MeV is almost 4 times better than that for *He ions with an energy
of 2 MeV. The feature is displayed in Fig. 6, where (a) and (b) are the spectra for the
Cu target of 5 nm thick taken with "B and *He ions, respectively. In the spectrum
taken with "B ions, two isotopes of Cu, ®*Cu and %Cu, are identified unambiguously, but
in the spectrum taken with *He ions it is difficult to distinguish the respective peaks.
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Fig. 5. Mass resolutions of the system dM; in the case of an Au target for "B (marks
‘C]) and ‘He ions (marks ‘+). 3M; for 6 MeV B ions is about 4 times better
than that for 2 MeV *He ions.
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Fig. 6 (a). A pulse height spectrum for a 5 nm

Cu target taken with 6 MeV "B
ions. ®Cu and ®Cu are identified

unambiguously.

e) Depth resolution
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A pulse height spectrum for a 5 nm
Cu target taken with 2 MeV *‘He
ions. Peaks of ®*Cu and *Cu com-
pose an overlapped single peak.

The depth resolution of the system 75 is given by the following equationﬁ):

oT,=
[S1=K(dE /dX)in+ (dE / dX) ou /|cosb|

0E /8]

a7
(18)

where, 0E; is the energy resolution of the system, K is the K-factor, 8 is the scattering

angle, and (dE /dX), and (dE /dX).. are the stopping cross sections at the energies of
incident and outgoing ions, respectively.

Figure 7 shows the obtained depth resolution of the system for the Au target.
6 MeV !B ions give about 30% better depth resolution than that taken with 2 MeV ‘He
ions. Figure 8 shows the typical spectra for the Au target 100nm thick taken with
6 MeV !'B and 2 MeV *He ions. It can be seen from this figure that both the front and
the rear edges of the broad peak of Au are steeper for "'B than for *He ions.

From these results, it is profitable to use 6 MeV "B ions for the Rutherford back-
scattering spectrometry, and also from the viewpoint of analysis of the depth profile.
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Fig. 7. Depth resolutions of the system 07 in the case of an Au target for 'B (marks
‘) and ‘He ions (marks ‘+’). 67 for 6 MeV "B ions is about 30% better
than that for 2 MeV *He ions.
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Fig. 8. A comparison of spectra taken with 6 MeV "B (a solid line) and 2 MeV *He ions (a

dashed line) for an Au target 100 nm thick. The spectrum with "B ions is more rectangu-
lar than that with *He ions.



Counts / Channel

308 Koji Iwasawa, Gyo SAaTo, Manabu Sarto, Koji YosHipA
Nobutsugu IManisHI and Fumio Fukuzawa

f) Channeling minimum yield

We tested the channeling properties of both ions using the silicon single-crystal
walfer.

The spectra for aligned and random incidences were taken with !B and ‘He ions.
The channeling minimum yields, i. e. (yield for aligned incidence)/(yield for random
incidence), were 0.038 and 0.057 for 'B and *He ions, respectively. Thus, the channel-
ing minimum yield with 6 MeV "B ions is 33% better than that with 2 MeV ‘He ions.
The result can be qualitatively understood from the fact that the heavy and energetic
ions go through the axis of the crystal farther than the light and low energy ions.

g) Radiation damage of semiconductor detector

Spurious peaks appeared in the spectra taken with "B ions after heavy irradiation.
Figure 9 shows an example of the spectra. The spectra taken with *‘He and 'H ions
showed no spurious peak. Therefore, the spurious peaks were caused by radiation
damage located close to the entrance of the depletion layer.

The radiation damage of a semiconductor detector can be induced at a relatively

low fluence by heavy ions when compared with light ions such as 'H and *He ions'".
500C
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Fig. 9. Examples of spectra taken with 6 MeV "B ions before and after heavy irradiation (a
dashed and a solid line, respectively). An energy resolution got worse and a spurious peak
appeared on the broad pedestal for Si. The observation reflects the radiation damage in the
detector.
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Therefore, one must pay sufficient attention to avoid exposing the detector to unneces-
sary heavy-ion beams.

4. Conclusions

True terminal voltages of “TANDETRON” are lower than the corresponding
nominal values. The deviation depends on the terminal voltage quadratically, and ex-
tends to 44 kV at a maximum nominal voltage of 1.7 MV. When the pulse-height
defects caused by nuclear collision and recombination are taken into account, the devia-
tion increases, and becomes as large as 74 kV at a maximum nominal voltage of 1.7 MV.

Backscattering spectra improve in the mass resolution, the depth resolution and the
channeling minimum yield when 6 MeV "B ions are used instead of 2 MeV *He ions,
which have been used commonly. However, we must pay attention in order not to cause

radiation damage by irradiating heavy ions to the detector.
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