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ABSTRACT 

A new method in surface analysis by MeV heavy ion backscatterin i 

spectrometry i s proposed. In order to overcome the difficulty due to 

limited resolution of solid state detectors we have developed a tin e of 

flight spectrometer with a resolution up to ISO ps. The capabilities 

and limitations of this method are investigated. Successful applications 

are demontrated by measurements of oxide layers thickness as well as 

metal diffusion into amorphous material. 
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1. Introduction 

Information obtained in ion backscattering analysis can be 
characterized by parameters such as the depth range of analysis, the 
mass resolution, the depth resolution and the rate of collecting informa
tion. The above parameters depend on ion mass , ion energy and detec
tion resolution. 

A systematic study has been made to compare the performan
ce of He, N, Ar ions at incident energy corresponding to the same 
depth range of analysis. In order to avoid the worsened résolu ->n of 
silicon detectors for heavy ion, a measurement oi backscattered . ̂ a 
energy using time of flight spectrometer is proposed. The performance 
of such techniq-J» i s shown in the case of thickness, profiling and si >e-
ehiometry détermination of oxide layers and in interface study. These 
analysis have been performed using nitrogen ion backscattering. 

2. Specificity of heavy ions backscattering analysis technique 

Interest of heavy ion backscattering technique for non deatru-
tive analysis of thin solid films have been discussed in many papers 
[ 1 - 5 ] . As far as sensitivity, selectivity and depth resolution are con
cerned one may find from the classical relationships of backscattering 
a great interest to increase the mass of the incident projectile. Because 
of the short lifetime and worsened energy resolution [&] of silicon detec
tors when standing hebvy ion interactions, proton and alpha particle» ar* 
still widely used in backscattering analysis. Practically heavy ion beams 
with energy resolution leas than 10 are extracted from tandem accele
rator and Van de Graafi generator. Presently double charge nitrogen 
and oxygen ion beams are extracted from the 4 MeV V. d. G. in Lyon, this 
one being fit out with a penning ion aourc* tor multiply charged positive 
ions [7 - 8 ] . Production of N and Ar is under investigations. 
Before getting in d.jtai! into experimental problems we are j i ing to com
pare the performance of helium nitrogen and argon beams at incident 
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energy corresponding to the same depth range of analysis. As shown in 

table 1 12 MeV Argon, 7 MeV Nitrogen, 1. 5 MeV alpha particles have 

comparable range in different stopping media. However the depth and 

mass resolution are found to be very different. 

Mass resolution 

The energy of the particle scattering by a surface on a very 
2 2 

thin layer i s E^ = K E, where E. is the incident energy and K the kine-
' S i i 

matic factor. 

dj cos 6 + yM* - Mj M cos 6 + VM; - M^ s i n 2 fl 

M + M 

where M is the mass of the projectile, M the target atom mass, 8 

the laboratory scattering angle. The value R of mass resolution for a 

given incident ion and a detection resolution ÙE , is : 
del 

& E d e t 
"arnu Û E s (M 2 # M 2 + 1) 

û E (M , M + 1) is the energy difference for scattering from atom of 

mass M and M + 1). All experimental spread factors have to be in

cluded in ÛE , especially intrinsic beam resolution, energy spread due 

to n^n uniformity of the surface sample» and detector resolution. In a 

first approach we are going to consider that detector resolution is the 

most sensitive parameter, other influence being discussed further. 

Mass resolutions have been calculated in case of 150 degrees backscattered 

? MeV N, 12 MeV Ar and 1. 5 MeV or ions on different target mass . The 

energy dependent resol.cion of silicon detector *or heavy ion beam are 

deduced from reference 3 and 6. In case of alpha particle a nominal de

tector resolution i s taken as equal to 15 KeV. As shown on figure 1. a 

slightly better mass resolution is obtained when using incident heavy ion 

instead of alpha particle both being detected by silicon detectors (solid 

lines). The mass resolution corresponding to a 20 KeV heavy ion 



détection resolution has been plotted in dashed lines. Such or even bet

ter resolution can be obtained using the experimental set up proposed in 

this paper. In such conditions a mass resolution better than 1 amu is 

obtained even when heavy target mass are concerned. Such device bring 

a noticeable advantage to the classical backocattering analysis technique. 

We must notice that from a kinematic point of view the mass 

resolution can be increase when using heavy ion with higher incident 

energy. But here we are focussing on beam» which can be delivered by 

V, d. G. accelerators easily available for surface analysis. Besides it 

is possible to improve the energy resolution of the Van de Graaff accele

rators up to 5 10* , so that it does not affect the detection resolution. 

Depth resolution 

The depth resolution correspond to the smallest layer thickness 

A D which can be seen by the system having a resolution Û E . in 

energy. Le tus consider (figure 2) a normal incident of the beam. The 

gap in backscattered energy corresponding to â D is 

4 E = K 2 K. - E s - <K2S • ^ - 8 S ) AD 
I BS 

with E M = K 2 (E. - 4 D S E ) 

5 and S are the matrix stopping powers respectively for 
E i E B S 

incident and backscattered particles. They are deduced from reference 

191-

The depth resolution i D in case of surface backscattered par

ticle is defined by : 

A D = ii* 
K 2 S_ + (cos 9)~ l S 

E i E B 3 
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Taking as an example the yold element as scattering center we have 
plotted in figure 3 the depth resolution corresponding to a 7 MeV nitrogen 
beam versus the matrix mass number. The solid line corresponds to [61 
silicon detection resolution and the dashed one to 20 KeV detection reso
lution. Such values correspond to a normal incidence of the beam. A 
20 KeV resolution detection improves the depth resolution by a factor 

2. 5 to 3 as far as matrix mass number from 50 to 150 amu are concer

ned. 

A fundamental limitation of backscattering analysis using inci
dent heavy ions is due to energy straggling which worsened the depth reso
lution. In the case of our experimental energy range, the straggling is 
estimated using Lindhard and Scharff theory [ 10] . If one considers a 7 
MeV nitrogen incident beam on a gold target, after a penetration of 
300 A the energy spread due to straggling is approximately of 25 KeV. 
Since all contributions to energy peak broadening are added in a quadra
tic manner, the detection resolution which was supposed to be 20 KeV 
goes up to 32 KeV. In case of analysed depth larger than 2000 A ener
gy straggling swept out the high resolution detection. However we must 
notice that as far as lighter targets are concerned the energy straggling 
i s much less drastic. 

In summary a 20 KeV resolution spectrometer used in MeV 
heavy ions backscattering would fmprove the mass and depth resolution 
usually obtained. Consequently we propose to measure backscattered 
energy particles using a time of flight spectrometer which is able to give 
such resolution. 

3. Measurement of backscattered iou energy through time of flight 
spectrometer 

The relation-ship between time of flight and energy is 
t - 2 k -t W-=-- where k is a dimentional constant, t the flight path length. 
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M. the detected particle mass and E_ its energy. The mass of back-
scattered particles being well known energy determination can be done 
by time of flight measurements. Recently time detectors made from 
association of secondary electrons producing foil with channel plate elec
tron multiplier have been proposed [ 11 ] . The channel plate multiplica-

3 4 
tive factor (10 to 10 ) allows to get secondary electron emission from 
very thin foil* which cause a mi Jmal degradation of fragment velocity 
Such device has been widely used in heavy ion experiments. Our pur
pose is to extend its use to less than 0.5 MeV per nucléon carbon to 
argon incident particles. In such energy and mass range a time reso
lution of 150 ps can be obtained ; it leads to l ess than 20 KeV energy 
resolution in case of measurements done with a one meter flight path. 
We must underline that such device is not sensitive to radiation damage, 
the heavy ions being incident on the secondary electron producing foils 
only. An other advantage of this method is that the measurements do not 
depend on the heavy ion charge states. 

Experimental set vp 

The experimental set up is given in figure 4. The time of 
flight measurement is done at 150 degrees laboratory angle using one 
meter flight path. Start and stop detectors are made from association 
of thin carbon foil with channel plate electron multiplier. The backscat-
tered ions get through the time detectors and are stopped in a silicon 
detector which i s only u&ed to get efficiency measurement. As such ex
perimental set up i s used to detect low energy heavy ions special atten
tion was paid to the carbon foil thickness. In the front detector the e lec
tron production is obtained from a 2 u g/cm carbon film evaporated oa 

a 2 u g / c m 2 Mylar foil which is supported by a 9 7 # transmission nickel grid. 
2 

In the backward detector a carbon foil of 12 ug/cm is used. Such device 
makes a good compromise between maximum secondary electron emission 
and minimum energy straggling. The detection efficiency measured as 
the ratio of the counting rate observed in surface barrier detector and time 
flight spectrometer was 93% for 3 to 6 MeV backscattered nitrogen ions. 
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The electronic scheme is given In figure 5. The anode out put of each 

time detector feed directly a constant fraction discriminator [ 1 2 ] , The 
tuning of these discriminators are fraction 0. 3, delay 350 ps, threshold 
50 mV. The time of flight is given by a time amplitude converter (T. A. C. ) 
In order to minimize dead time the rear detector is used as zero time 
detector. Front detector pulses are delayed as necessary and give the 
stop T. A. C, signal. The time spectra stre registred on a 4096 charnel 
analyser and transfered to a 21 MX Hewlett Packard computer. Back-
scattering on different element (gold, silver, copper) allows to get time 
of flight calibration. 

Resolution measurements 

In the experiments we used 2 to 7 MeV N ion beams with 
normal incidence on the target and 150* scattering angle. The use of 
the isotope 15 of nitrogen is explained only by local opportunity» such beam 
being necessary for hydrogen profiling determination by resonant nuclear 
reactions [ 1 3 ] . Because of impossibility to ^et homogeneous thin 
(e < 10 A) films» a 1200 A gold layer deposit oa silicon substract has been 
used to measure the detector resolution. A 4me of flight spectra is gi
ven in figure 6. The detector resolution ir, determined by convolution of 
the front edge of a generated spectrum as juming the time spread to be 
gsiussian. For this purpose a c-.nputer program was built on the same 
basis as in reference [ 1 4 ] . An example of the fit obtained with a 150 ps 
surface resolution is given on figure 6. The straggling effect is clearly 
shown by the 1100 ps rear resolution. The 150 and 1100 ps time 
spread correspond respectively to enery resolution of 15 KeV and 85 KeV. 
Relation ships between energy and depth given before allow to transform 
the time scale into a depth scale. The experimental surface depth reso
lution deduced from time of flight measurement of 4 to 7 MeV nitrogen 
beam scattered on a gold target with normal incidence is given on figure 
7, On the same plot a comparaison with the performance obtained with 
silicon detectors resolution is given too. Such figure underlines the im
provement of high defection .resolution on heavy ion backscattering techni
que surface analysis. 
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In order to underline the mass resolution of such technique we 
give examples of spectra obtained on natural copper and silver targets. 

63 65 107 109 
The two isotopes Cu, Cu and Ag, Ag are clearly distinguished. 
The experimental spectra are well reproduced by calculation taking into 
account kinematic consideration and isotopic abundancy (figure 8). We 
must notice that the separation of the two silver isotopes is used at the 
beginning of each experiment in order to optimize the detector resolution. 

4.Performance of high resolution heavy Ion backscottering in surface 
analysis 

In order to exhibit the advantage of high resolution heavy ion 
backsc a ttering technique in surface analysis we took two examples : 
measurements of oxide layers thickness, metal diffusion profiling into 
amorphous material. 

Tantalum oxide layers obtained by anodic oxidation of thick 
rolled sheets [15] have been analysed using 5 MeV nitrogen beam. As 
shown in figure 9 the oxide layer thickness (310 A) has been deduced from 
the step in the tantalum spectra. The comparison of experimental and 
calculated profiling allows to control the oxide layer uniformity. In order 
to reproduce the front edge of the spectra a resolution of 200 ps worse 
than the 150 ps detection spread was necessary. This broadening is due 
to the roughness of tantalum oxide layer surface;similar observations 
concerning the interface between tantalum oxide and metal can be done. 
We must notice that in case of less than 50 A layers the resolution worse
ning due to layers non uniformity can increase by a factor two the initial 
detection resolution. This broadening can even better be observed when 
using glancing incident angles. Because of the large heavy ion stopping 
powers layers of some tens angstroms can be measured from the step in 
the tantalum spectra. Besides the high resolution profiling allows to 
control the layer unifornity as well as atom location. 

This method can also be used m interface study as for as these 
interfaces are located near the surface. As example we took the case of 
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gold diffusion ir. chaicogenide (3e Te.) glasses. After three hours 
annealing the gold diffusion occurs on the whole range (1400 A) of the glass 
sample (figure 10). One can even observe a little bump at the end of the 
gold spectra. Such bump is due to cumulative gold on backside of the 
glass sample. The large stopping power of heavy ion connected with 
the high resolution measurements allow to get diffusion profile with a 
great accuracy even when layer lass than 100 A are concerned. It is 
a new tool ia diffusion mechanism study. 

Attention must be paid to minimize the radiation damage [16] 
by keeping the beam current as low as possible. In the experimental 
set up we used, the scattered particles were detected with a solid angle 
of 0. 1 msr. Such solid angle is five times smaller than the one usually 
taken in analysis with incident proton or alpha particle. Taking into 
account the increase in scattering cross section we get counting rate of 
the same order of magnitude. However in order to reduce the incident 
dose we are trying to get the same performance using larger (x 5) time 
detectors. 

Some authors improved the possibility of heavy ion backscatte-
ring analysis by making use of magnetic or electrostatic [17] analyser. 
The performances obtained are quite similar to our system. However 
the time of flight measurements allow to get the whole spectra at one 
time. As no sweeping i s needed the dose integrated by the target i s 
much less and radiation damage are minimized. Besides the time of 
flight technique is a lighter and more versatile tool which allows to use 
incident particles in a larger mass and energy range. 

5. Conclusion 

When heavy ion incident beams with good energy resolution less 
than 10 are available a high resolution detection technique i s then useful 
in surface bacl<scattering analysis. The technique of time of flight 
measurements allows to increase the detection resolution and to keep the 
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advantage of heavy ion backscattering analysis. It opens new possibili

ties in R .B .S . measurements especially for studying closed surface 

zones. 
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Figure Caption» 

Figure 1 Mass resolution versus target mass at ISOôeg. scattering angles 
for different projectiles. The solid lines correspond to silicon 
detector resolution. The dashed lines correspond to a 2D KeV 
resolution detection. 

Figure 2 Principle of a scattering experiment with a thick target. 

Figure 3 Depth resolution versus target mass at 150 deg. for N (7 MeV) 
projectile. The solid line corresponds to surface barrier 
detector, the dashed Line to a 20 KeV resolution detection. 

Figure 4 Experimental set up (SED : Secondary Electron Device). 

Figure 5 Electronic scheme. 

Figure 6 Time of flight spectra cf 7 MeV N on 1200 A gold layer 
comparison of the experimental data with calculated spectra. 
The solid line corresponds to a 150 ps resolution. 

Figure 7 Experimental depth resolution observed in N backscattering 
on gold target. The solid line corresponds to silicon detection 
[ 6 ] . The full circles correspond to time of flight measurements. 

Figure 8 Time spectra of backscattered N (6 MeV) on natural copper 
fa) and silver (b) targets. The steps due to respectively 
63, 6 5 C u a n d 107, 10«Agare observed. The solid lines cor res
pond to the calculated spectra including isotopic abundaney and 
150 ps time resolution. 

15 P 
Figure 9 Time spectra ot hackscatterad N on a 310 A tantalum oxyde layer. 

The solid line is the calculated spectra corresponding to a 
resolution of 200 ps and tantalum yield of 0. 82 (Ta O ). 

Figure 10 Interface study in case of a Au/Ge Te. system. In order to 
expend the scale only gold and Te steps have been registered. 
The glass and initial gold layers thickness are respectively 
1400 J? and 200 Â . 



Table Caption 

Ra»ge (mg/cm ) in caee of 12 MeV Argon, 7 MeV Nitrogen and 

1.5 MeV alpha particle* in different stopping médias. 

Pa r t i - \ Stopping 
cle» \ media Aluminium Nickel Siver Gold 

12 MeV Ar 1.3 2 .2 2 .9 5.4 

7 MeV N 1.4 2 .3 3 .0 5.5 

1.5 MeV a 1.4 2 .4 3.1 5.6 

Table 1 
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