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Low Damage Etching and SIMS Depth Profiling with Large Ar Cluster Ions 
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We investigated the etching and secondary ion yields of an arginine target bombarded with large Ar cluster ions 
at incident energies up to 18 keY. The mean size of Ar cluster ions was about 1000 atoms per ion, and the 
collision energy per incident atom was between a few and a few tens of eV. The sputtering yields of arginine 
increased linearly with an increase in ion energy, and the yield at 13 keY was of the order of 100 molecules per 
incident ion. The intensities of the secondary ions kept constant even after etching the arginine film target with 
large Ar cluster ions. These results indicate that large Ar cluster ions can be used as powerful tools for depth 
profiling with secondary ion mass spectrometry. 
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1. INTRODUCTION 
Depth profiling with secondary ion mass spectrometry 

(SIMS) has been rarely used for biomolecular materials, 
because incident atomic ion beams with energy in the 
keY range produce weak signals for large molecules and, 
in most cases, damage them. In recent studies it has been 
expected that cluster ion beams may solve these 
problems. For example, it is confirmed that cluster ions 
such as C60 +, Au3 +and Bi3 + produce enhanced sputtering 
and secondary ion yields compared to atomic ions [1-3]. 
However, biomolecular samples are also damaged by 
these cluster ion beams, and SIMS depth profiling for 
biomolecular samples has not been fully achieved yet. 

In our previous study, secondary ions were measured 
for an arginine target under the incidence of large Ar 
cluster ions and the effects of incident energy and cluster 
size on secondary ion yields were investigated [4]. 
When large Ar cluster ions such as 10 keY Ar1500 (6.7 
eV/atom) bombarded an arginine target, molecular ions 
of arginine were detected with little fragment ions. It can 
therefore be assumed that large cluster ions can etch 
biomolecular samples without serious damage. In the 
present study we measured secondary ion yields before 
and after etching biomolecular samples with large Ar 
cluster ions and investigated the validity of Ar cluster 
ions for SIMS depth profiling. 

2. EXPERIMENTAL 
We measured sputtering yields and secondary ion 

spectra of organic compounds under large Ar cluster ion 
bombardment. Large Ar cluster ions were produced by 
gas cluster ion beam (GCIB) apparatus; the details of the 
GCIB techniques and equipment have been described 
elsewhere [5,6]. The biomolecular sample was an amino 
acid of arginine (Arg, C6H14N40z, 174.21 u). Thin film 
targets of arginine were prepared on clean Si wafers by 
the spin-coating technique. We measured the film 
thickness with a profile laser microscope (KEYENCE, 
VK8500) and a contact surface profiler (UL VAC, 
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Dektak3). The thickness of the arginine film was about 
100-200 nm. 

Measurements of the sputtering yields and secondary 
ion mass spectra were performed with the small GCIB 
apparatus and it is comprised of a source chamber, an 
ionization chamber and an analytical chamber, and each 
chamber is pumped with a turbo molecular pump, as 
shown in Fig. 1. Neutral Ar clusters are formed by 
supersonic expansion of high-pressure gas (7xi05 Pa) 
through a nozzle and then pass through the ionization 
chamber. Electrons ejected from a hot filament are 
accelerated toward the neutral Ar clusters and ionize 
them. The ionized Ar clusters are extracted towards the 
analytical chamber with accelerating voltages of 3-18 
kV. Magnets installed between the ionizing and 
analytical chambers remove small cluster and monomer 
ions included in the cluster ion beams. On the other hand, 
it is also possible that only Ar monomer ions are 
incident on the target, when atoms in an argon 
atmosphere are ionized by electron impacts and 
accelerated towards the target. When Ar monomer ions 
were incident, the nozzle to produce neutral clusters and 
the magnets to remove monomer and small cluster ions 
were not used. 

In sputtering yield measurements, the arginine 
samples were irradiated with non size-selected Ar 
cluster ion beams, the average size of the beams was 
about 1000 atoms/cluster, and the beams were incident 
on the sample in the analytical chamber at an angle of 
45° with respect to the surface normal. The incident ion 
beams were raster-scanned over an area of typically 
1 x 1.5 mm2

. The sputtering yields were calculated from 
the ion beam current, irradiation time, raster scanned 
area and etching depth of the arginine sample. The 
etching depth was measured with the contact surface 
pro filer. 

The SIMS equipment is connected to the small GCIB 
apparatus and it is comprised of a flight tube, as shown 
in Fig. 1. The maximum current density of both the Ar 
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Fig. 1. Experimental setup for sputtering yield 
and SIMS measurements with Ar cluster ion 
beam. 

cluster and monomer beam was 10 f.!A/cm2
. The base 

and working pressures in the analytical chamber were 
2x10·6 and 5x10-5 Pa, respectively. 

The linear time of flight (TOF) technique was used to 
obtain secondary ion spectra. The process that we used 
to accurately measure the effect of the size of the large 
incident cluster ion on secondary ion spectra is described 
below. First, the primary ion beam was chopped to a 
width of 5 f.!S by applying a high-voltage pulse (above 
500 V) between the parallel electrodes (primary ion 
beam deflector, 20 mm effective deflector length). 
Before the pulsed ion beam impacts on the target, the 
pulse width spreads beyond 50 f.!S because of the size 
difference of incident cluster ions. In other words, small 
clusters reach the target earlier than large clusters. 
Therefore, the effect of cluster size on secondary ion 
emission can be measured by installing an additional 
secondary-ion deflector between the target and the 
secondary-ion detector, which is controlled to pass the 
secondary ions only for a certain time interval, 
depending on the flight time of the primary cluster ions. 
The secondary-ion deflector consists of two electrically 
insulated sets of fine wires mounted parallel to each 
other. This electrode is called 'the interleaved comb ion 
(mass) deflection gate', and has been proved to be 
valuable tool for TOF mass spectrometry by Weinkauf 
et al. [7] and Vlasak et al. [8]. For the interleaved comb 
deflector, secondary ions pass it in ten nano seconds 
because of the short deflector length. In this study, the 
interleaved comb ion deflector was equipped with wires 
of 0.35 mm diameter spaced at a distance of 0.85 mm, 
which allows chopping secondary ions to a width of 200 
ns every 1 ms by applying a relatively low-voltage pulse 
(below 300 V) between the wires. We can selectively 
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Fig. 2. Sputtering yields of arginine bombarded 
with Ar cluster ions. 

measure secondary ions produced by cluster ions of 
different sizes by changing the time interval between 
chopping of the primary and secondary ions. The timing 
of the secondary-ion chopping and detection was 
respectively used as the start and stop signal for the TOF 
measurement. The pulse repetition rate of the primary 
and secondary ion chopping was 1000 Hz and TOF 
measurements were taken for 20-200 s. Secondary ions 
were extracted towards the detector with an accelerating 
voltage of 2 kV and were detected with a microchannel 
plate (MCP) set on the axis of the surface normal. 

3. RESULTS AND DISCUSSION 
Figure 2 shows the sputtering yields of arginine as a 

function of accelerating voltage of incident Ar cluster 
ions. The sputtering yields of arginine molecules 
increased linearly with an increase in acceleration 
voltage, and the yield from arginine at 13 kV was of the 
order of 100 molecules (2600 atoms) per incident ion. 
This sputtering yield is extremely high compared to 
metals bombarded by atomic ions [9]. 

Figure 3 shows mlz spectra of positively charged 
secondary ions for the arginine target bombarded with 
Ar monomer (Ar+) and Ar cluster (Ar300 and Ar1500) ions. 
The secondary ion intensities are normalized by those of 
the molecular arginine ions. Many fragment ions such as 
CH2N+ (m/z 28), C~W (m/z 30), CH3N/ (mlz 43), 
CHsN3 + (m/z 59) and C4H8N+ (mlz 70) were detected 
with high intensity under the incidence of 8 ke V Ar 
atomic ions, and the yield of protonated arginine 
molecular ion (Arg+H+, m/z 175) was extremely low 
compared to those of typical fragment ions (Fig. 3 (a)). 
The absolute yield of Arg+H+ was about 1 X w-s per 
incident ion in our experimental setup. The high yields 
of characteristic fragment ions and the low yields of 
protonated molecular ions are in good agreement with 
the conventional SIMS studies for amino acids [10,11]. 

With the incidence of large Ar cluster ions, the 
appearance of the spectra changed dramatically. The 
spectra of Fig. 3 (a), (b) and (c) were obtained under the 
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Fig. 3. Mass spectra of positively charged secondary ions for the arginine target bombarded at the conditions 
indicated on each spectrum: (a) Ar+, 8 keY, (b) Ar300 cluster, 8 keY, (c) Ar150o cluster, 8 keY, (d) Ar150o 
cluster, 8 keY, (e) Ar1soo cluster, 18 keY and (f) Ar460 cluster, 5.5 keY. (Note that the conditions for (c) and 
(d) are the same.) 

same total incident energy condition (8 keV). That is, as 
the size of the incident Ar cluster ion increases, its 
incident energy per atom decreases. The same incident 
energy per atom condition corresponds to the same 
incident velocity condition. The intensities of fragment 
ions decreased with increasing incident cluster size and 
decreasing incident velocity (i.e. energy per atom) (Fig. 
3 (b) and (c)) compared to the intensities of Arg+H+ ions 
(Fig. 3 (a)). As shown in Fig. 3 (c), characteristic 
fragment ions were rarely detected, though Arg+H+ ions 
were undoubtedly observed. The absolute yield of 
Arg+H+ at 8 keY Ar1500 incidence was about lxi0-3 per 
incident ion, and the value was extremely high 
compared to 8 ke V Ar monomer ion incidence. However, 
since both size and velocity of incident ions were 
different for Fig. 3 (b) and (c), it is not clear which of 
the two parameters contributes to the decrease of 
fragment ion yield ratios. On the other hand, Fig. 3 (d) 
and (e) show the spectra of secondary ions for arginine 
under the same incident cluster size (Ar1500) conditions. 
In this case, increasing the incident velocity increased 
the fragment ion yield ratios, at constant cluster size. 
Furthermore, Fig. 3 (e) and (f) show the spectra for 
arginine under the same incident energy per atom (12 
eV/atom) conditions. In this case, fragment ion yields at 
5.5 keY Ar460 incidence were still high, though the total 
incident energy decreased. These results appear to be the 
strongest proof that the decrease of fragment ion yield 
ratios is determined by incident velocity and not by size 
and total incident energy. From these results presented 
in this section, it is assumed that slow and large cluster 
ions can effectively etch and ionize biomolecular 
samples with little damage. 

Next, we measured the secondary ion yields for the 
arginine films after etching with large Ar cluster ions. 

Figure 4 shows the effect of incident ion fluence on the 
molecular ion yields for the arginine film bombarded 
with 15 keY Ar cluster ions. The molecular ion yields 
were normalized by the yield at the fluence of 5xl013 

ions/cm2
• The mean size of Ar cluster ion beams for 

etching was about 1000 atoms/cluster, i.e. the mean 
energy per atom was 15 eV/atom. Regarding this 
measurement we wish to note that incident ion beam 
scanning for exclusion of edge effects was not carried 
out. The incident energy per atom of 15 keV Ar1000 
cluster ions is 15 eV/atom, and fragment ions are also 
produced at this condition. In fact, the yield of Arg+W 
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Fig. 4. The effect of incident ion fluence of 
Arg+H+ ions from arginine bombarded with 15 
keY Ar cluster ions. 
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slightly decreased with increasing fluence ( < 1 x 14 
ions/cm2

), this trend shows that the arginine molecules 
were damaged a little. As the fluence increased, the 
yields of Arg+H+ ions kept constant until the incident 
fluence reached 7x 1014 ions/cm2

, as shown in Fig. 4. 
These results show that the Ar cluster ion beams can 
etch the arginine film without damage accumulation. In 
this case, SIMS depth profiling can be achieved, because 
molecular ion yields keep constant. On the other hand, 
signals of the molecular ions soon disappeared with 
increasing fluence, when ke V atomic ions were incident 
on organic materials [12,13]. From the abovementioned 
results, it can be concluded that large cluster ion beams 
may become a powerful tool for SIMS depth profiling 
for organic materials. 

4. SUMMARY 
Sputtering and secondary ion yields for arginine were 

measured under the incidence of large Ar cluster ions at 
incident energies between 3 and 18 keV. Sputtering 
yields of arginine increased linearly with incident ion 
energy, and the yield at 13 ke V was of the order of 100 
molecules per incident ion. Yields of Arg+H+ ions 
almost kept constant before and after etching with large 
Ar cluster ions. Large cluster ions should be highly 
effective in low damage etching and SIMS depth 
profiling for biomolecular samples. 
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