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Abstract 

Next generations of Very Large Scale Integrated circuits will require impurity contamination 

below lo8 atoms/cm*. To detect such small quantities at or near the surface, new techniques have 

to be developed. We propose to build a high current nanosecond pulsed Si ion beam which can 

detect such small quantities of heavy impurities with a high mass resolution. A pilot study shows 

that our approach can be used to detect impurities in silicon below the - lo7 atoms/cm2 level. 
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1. Introduction 

At the turn of the century, the next generations of Very Large Scale Integrated circuits will 

require impurity contamination below lo8 atoms/cm2 [l-21. To detect such small quantities at or 

near the surface, new techniques are being developed. Of these, the Time Of Flight - Heavy Ion 

Backscattering Spectroscopy, TOF-HIBS, developed by Sandia [3-61 seems the most promising. 

TOF-HIBS is based on the following relationship between the velocity of the incoming projectile, 

vp, and that of the backscattered projectile, v,, 

A4 - M ,  - P  

P 
v s - M  + M ,  v P  

where Mp is the mass of the incoming beam and M, is the mass of the target atoms. 

An important ingredient in the Sandia experimental setup is a thin carbon foil in the flight 

path of the detectable backscattered ions. The detection of the secondary electrons emitted from 

this foil supplies the stop signal (through a delay) whereas the detection of the backscattered ions 

gives the start signal to produce an inverted TOF spectrum. In addition, a carefbl selection of 

the thickness of the carbon foil will prevent ions backscattered off the silicon substrate atoms 

from hitting the ion detector (the Sandia group is using ion beams lighter (C and N) than that of 
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the silicon substrate atoms (see Eq. 1)). The use of the carbon foil causes some energy straggling 

of the backscattered ions with the result of some degradation of time and therefore mass 

resolution of their spectrometer. As of 1994, their sensitivity for Au on Si was lo9 atoms/cm2 

[3]. With the addition of more detectors a sensitivity for Au of 10' atoms/cm2 is anticipated by 

the Sandia group while for lighter elements the sensitivity is somewhat less (5 x lo9 atoms/cm2 

for Fe) . 

The use of the carbon foil is what allows the Sandia group to measure small amounts of 

heavy impurities in Si. However, this carbon foil also represents the limitation of their approach. 

The mass resolution of the Sandia spectrometer is not adequate at this time but can be improved 

somewhat by increasing the flight path of the backscattered ions until the resolution becomes 

limited by energy straggling of the ions in the carbon foil. Improving the Time Of Flight 

resolution results in better mass resolution and, what is equally important, improves the 

sensitivity toward heavy impurities simply by improving the signal to noise ratio of the 

spectrometer. 

Our approach is to use a pulsed ion beam which eliminates the need for producing secondary 

electrons to provide a start signal for the Time Of Flight measurements. Secondly, by using a 

Si ion beam, backscatterirlg from the substrate is eliminated and, therefore, the carbon foil is no 

longer required. 
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To complete this introduction, we mention that other techniques can be used to detect 

impurities at or near the surface of silicon. The most sensitive of these is probably x-ray 

fluorescence which can detect 1O'O atoms/cm2 of elements such as Fe, Ni and Zn, whereas for 

other elements the sensitivity is limited to 10l2 atoms/cm2. Here, we define the detection limit 

to occur when the signal rate equals the background rate and this definition is used throughout 

this paper. It is of course possible to define the elemental sensitivity differently as done in ref. 

[7] whereby they obtain a detection limit for Fe, Ni and Zn in the range 2.5 - 4.3 x, lo8 

atoms/cm2. 

In Section 2, we discuss the results of our preliminary study of using a pulsed Si beam to 

detect heavy impurities in silicon. Section 3 gives details of our proposed high current pulsed 

nanosecond low energy Si beam. A summary and conclusion are given in Section 4. 

2. Results of a pilot study using a Si beam to detect trace amounts of impurities in silicon. 

In a feasibility study, an existing simple non-UHV pulsed Si- beam line was used to measure 

the concentration of Cu and Au on the surfaces of graphite and silicon targets. The 30 keV Si- 

ions were chopped into 200 nsec. pulses then entered the target chamber through a 1 mm 

diameter aperture in a 15 cm diameter Channel Electron Multiplier Array, CEMA, detector. The 

CEMA detects the backscattered Si ions/atoms from the target to deliver start signals for a Time 

to Amplitude Convertor. The stop signals to the TAC are derived from machine pulses. This 

arrangement results in an inverted TOF spectrum of the backscattered Si iondatoms. The 
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distance between the target and the CEMA detector is 48 cm resulting in typical flight times of 

the backscattered Si in the psec range. 

Fig. 1 shows a TOF spectrum using 30 keV Si' for 1.3 x 1013 atoms/cm2 of Au on a silicon 

surface. By taking the result of Fig. 1 as is, we can conclude that the sensitivity of this 

preliminary feasibility test is on the order of 10" atoms/cm2 of Au on a Si surface. By improving 

the time resolution over the present 200 nsec. to about 1 nsec. the sensitivity becomes lo9 

atoms/cm2 for Au on a silicon surface, a number which is comparable to the Sandia results. 

However, we can do much better than that. The TOF spectrum in Fig. 1 was obtained by 

considerably reducing the gain of the CEMA. This point is illustrated in Fig. 2 which compares 

the result of Fig. 1 where the voltage across the CEMA was VCEm = 1750 volts to a TOF 

spectrum measured for the same target with VCEm = 2100 volts. As observed, by increasing 

V,,,, the Au peak area counts increase from - 2OO/nC to - 3600/nC corresponding to a signal 

enhancement of 18. Unfortunately, the background rate mainly associated with surface hydrogen 

increases out of proportion causing the signal to noise ratio to drop about two orders of 

magnitude. The hydrogen background is a result of a double scattering process in which an 

incoming Si- hits a surface H which then backscatters off a substrate Si atom. Note that the H 

background is also observed in Fig. 1 as a small structural background observed at the wings of 

the Au peak. The additional uniform background in Fig. 1 is caused by neutralization of some 

of the Si- beam by rest gases in the beam pipes. This background is easily removed by improving 

the beam pipe vacuum. 
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The reason for the markedly different results of the two spectra in Fig. 2 is that the charge 

state of the backscattered Si off Au is + 1, whereas the hydrogen contribution stems mainly from 

backscattered neutral hydrogen. The charge state of the backscattered Si was determined by 

measuring the shifts of the TOF peak versus target bias. The detection efficiency of the CEMA 

at low bias is considerably higher for the charged particles as compared to the neutral ones at 

the impact velocities in question. A simple way to eliminate the neutral hydrogen contribution 

is to position a thin foil of either carbon or alumina in the front of the CEMA detector and use 

this foil to convert the ions into electrons by accelerating the backscattered Si ions into this ion - 

electron convertor. Note, that this foil will be positioned at the end of the flight path of the 

backscattered ions and therefore it does not result in degradation of mass resolution. . 
To be conservative, it does seem reasonable to expect a sensitivity for Au at or near the 

surface of silicon to approach the lo8 - lo7 atoms/cm2 level when a low energy pulsed Si beam 

is applied. 

At the low energy used here the backscattering cross - section is of atomic dimension and 

therefore we will expect the sensitivity toward other heavy impurities in silicon to be comparable 

to that of Au providing the Si backscatters in a charge state of + 1. 

That this is not always the case is illustrated in Fig. 3a which shows a TOF spectrum using 

30 keV Si- for high coverage of Au and Cu on graphite. This spectrum was taken with the high 

gain of the CEMA. The peak due to the Cu is barely seen, the reason is that the Si backscatters 
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Figure 3. : TOE' Spectra' for Au and Cu on Graphite. a.) using a 30 kV Si' Beam 
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off Cu in a neutral charge state. By changing to a 30 keV 0- beam, the backscattered signals due 

to Cu and Au become comparable (see Fig. 3b). 

At the low impact velocity in question direct ionization is not possible and a collision should 

be viewed as to proceed through the formation of a transient molecular excited species formed 

by the projectile and the target atom [8-111. The outcome of such a slow (adiabatic) collision 

depends on the details of the potential curves versus internuclear distance for the initial state and 

the various f i l  states and if the initial state potential curve happens to come sufficiently close 

to a f i i l  state curve having the projectile in a charge state +1 then auto-ionization or charge 

transfer may occur. It is always possible to ensure that a sufficient fraction of the backscattered 

beam off any heavy atom is in a charge of +1, either by changing the impact energy or by 

changing the projectile as illustrated in Fig. 3. Of course a much simpler solution is to use a 

positively charged Si beam. In this preliminary study, it was not possible to test the latter 

approach. 

3. A description of the proposed ion beam. 

Our goal is to build a pulsed low energy ion beam which can generate positive and negative 

Si ions. Ignoring the pulsing feature, the ion beam is generated in the following way. A Cs 

source delivers Cs+ ions which are accelerated to 5 - 10 keV before they are focussed onto the 

primary ion source Si target. Both positive and negative Si ions are sputtered off the ion source 

target, In the pilot experiment, the Cs+ source was positioned on the Si ion beam axis and 
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therefore it was possible to extract only negative Si ions. By having the Cs+ beam line at a 45" 

angle to the primary beam line, positive ions can be extracted as well. 

We have two options for pulsing the ion beam. The first one consists of chopping the DC 

beam into short time pulses of ions using a 2 MHz beam sweeper operated at 2 kV followed by 

a beam deflector. In the initial stage of this project which will be concerned with the optimization 

of the ion - electron convertor and comparing the energy dependence of the sensitivity of 

negative and positive Si ions toward heavy atom contamination of silicon, an improved version 

of this type of pulsing system with a time resolution of 10 nsec. will be used. By making this 

choice, we have taken the practical point of view that during the solving of these problems it 

makes sense to use a well known beam pulsing system. 

Later, however, we will study a more eficient way of forming short time bunches of Si ions 

by bunching the Cs beam using a harmonic buncher before it hits the primary ion source target. 

This method ensures, that for practical purpose, no loss in current occurs as compared to a DC 

mode of operation. 

Fig. 4 shows a sketch of the proposed ion beam. The ions generated (by the bunched Cs' 

beam) at the ion source target are accelerated, focussed and transported to a 10 kV accelerator 

whereafter the 1st. e k e 1  lens focuses the beam onto the object slits of a 90" analyzer magnet. 

When the beam exits the magnet's image slits it is further focussed by the second einzel lens, 
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accelerated to f i i  energy before it enters the target chamber through an aperture in a CEMA 
- . .  - 

detector, and then hits the target. The CEMA detects the backscattered Si ions to apply start 

signals which, when combined with stop signals derived from the buncher potential, result in an 

inverted TOF spectrum. 

The simple and yet remarkable property of a quadratic potential is that if an ion is started 

in this potential with zero velocity it will arrive at the end (or bottom) of this potential at a time 

which is independent of its initial position. The mechanical equivalent is the pendulum. What is 

lesser known is that if the ions possess an initial velocity a time focussing action will also take 

place, however, in this case it occurs at some distance past the quadratic potential. It is clear that 

any initial velocity of the ions will have the greatest effect the closer the start position is to the * 

end of the buncher. Take two ions with the same initial velocity of which one (a) starts a quarter 

into the buncher and another (b) that is half the way in when the quadratic potential is pulsed on. 

For this case ion (b) will arrive at the end of the buncher before ion (a), however, the exit 

velocity of ion (a) is greater than that of ion (b) and therefore a time focussing point is formed 

at some distance past the end of the buncher for these particular ions. 
. 

In Fig. 5 ,  the flight time versus distance past the end of the harmonic buncher is plotted for 

the case in which the buncher is half filled with Cs ions when the potential is pulsed on. The 

initial energy is assumed to be 100 eV and the buncher voltage is 3 kV whereas the length of the 

buncher is 1 meter. As observed, for-those ions time focussing occurs at about 19 cm past the 
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buncher. In this example the time length, T, of the ion pulse is 19 nsec.. However, as observed 

from Fig. 5 ,  T can be considerably reduced if the filling degree of the buncher is reduced. For 

example, by decreasing this quantity from 50% to 25% a time bunch of about 1 nsec. results. 

During the transport of a 1 nsec. bunch of Si ions from the source region to the target 

chamber, a distance which is approximately 5 meters, one has to be concerned with time 

broadening of the Si ion bunch due to the following three factors 1) different trajectories along 

which the ions are transported, 2) slightly different velocities of the ions and 3) space charge 

effects in the ion bunch itself. Of these, probably, the space charge effect will be the limiting 

factor. However, at the 100 nA DC level the effect should be minimal. At this current level, the 

harmonic bunching approach w'rll deliver two orders of magnitude more ions per second to the 

target chamber in 1 nsec. pulses as compared to a conventional beam sweeping - chopping 

system. 

4. Summary and conclusion remarks 

In a pilot study, we have demonstrated a sensitivity of 10" Au atoms/cm2 on the surface of 

silicon using a simple pulsed low energy Si- beam. The limiting factors were the wide time (200 

nsec.) pulses of our beam, the vacuum in the beam pipes and the hydrogen contribution to the 

TOF signal. Simple methods to improve this sensitivity toward the lo7 atoms/cm2 were discussed. 

Improving the time resolution to 1 nsec. results in a sensitivity level of lo9 atoms/cm2 and if the 

hydrogen contribution can be completely eliminated then the ultimate sensitivity will be limited 
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by sputtering effects of the silicon surface by our Si beam. A time resolution of 1 nsec. is good 

enough to make isotopic resolution possible for masses greater than the projectile mass. 

For Cu, on the other hand, the sensitivity of the Si- beam was low. This was due to that the 

30 keV Si- beam backscatters off Cu in a neutral charge state which considerably reduces the 

detection efficiency of the CEMA. We argued that by changing the Si- energy or, as 

demonstrated, by using a different projectile (30 keV 0-) it is possible to obtain the sensitivity 

for Cu and any other heavy atoms comparable to that for Au. The simplest way to ensure this 

is to use a positively charged Si beam. 

We emphasize that in order to achieve a sufficient sensitivity toward heavy impurities in 

silicon, it is not necessary to push all of the beam parameters in question to their limits. For 

example, by improving the time resolution from that of 200 nsec. used in the test experiment to 

10 nsec. and by reducing the hydrogen contribution by a factor of 10 takes us to a sensitivity 

level below lo8 impurities/cm2 if a positively charged Si beam is applied. The surface hydrogen 

contribution will be removed by using an ion - electron convertor combined with the CEMA to 

detect the backscattered Si ions. 

On a final note, the proposed nanosecond pulsed low energy (10 - 150 kev) ion beam can 

be viewed as a high performance general purpose surface tool which can be used within many 

areas of fundamental and applied science. In this respect, we mention that our ion sources can 

generate positive and negative ions from across the entire periodic table. 
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