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Abstract: Helium has the largest ionization potential of all elements; thus, it is difficult to 

ionization for measurement by mass spectrometry. In order to analyze He, a tunnel-ionization 

time-of-flight sputtered neutral mass spectrometry system (called LIMAS) has recently been 

developed. LIMAS uses a femto-second laser technique, and can ionize He to achieve ~10% 

ionization yields [1]. We quantified the effectiveness of this method for He analysis from a 2.5 × 4 

µm2 area of He-implanted silicon. The amount of He in a implant was quantified by measuring the 

ion-current, giving a nominal implant fluence per unit area. Thus, the fraction of total He measured 

by LIMAS during depth profiling could be quantified by comparison with the He-concentration of 

the reference implant. The He+ intensities normalized by host ions of Si linearly correlated with the 

known He concentrations with a reproducibility of 10% at concentrations less than 1021 cm-3. The 

detection limit was down to 1018 He cm-3 (20 ppm). For concentrations exceeding 1021 cm-3, the He 

intensities are smaller than those expected from the lower concentration range. This non-linearity 

may reflect the limit of retention of He in the Si lattice, since He is chemically inert. 
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Introduction 

Reliable, quantitative depth profiles for He are highly desirable for materials used in nuclear 

reactions and fusion physics [2] as well as for extraterrestrial materials irradiated by solar wind and 

cosmic rays [3]. Secondary ion mass spectrometry (SIMS) is considered to be an extremely 

sensitive micro-area analytical technique, which can provide elemental depth-profiles of solid 

surfaces [4]. Quantification of He is often difficult, however, because of the extremely low 

secondary-ionization yields resulting from its high ionization energy [2, 5, 6]. Recently, sputtered 

neutral mass spectrometry (SNMS) was successfully used to measure the depth-profile distribution 

of solar wind helium from a NASA Genesis target [3]. They used strong-field tunnel ionization to 

detect He neutrals sputtered from a ~1 µm2 area of the surface.  

In this study, we studied the possibility of He quantification in the laboratory using SNMS 

with tunneling ionization for analyzing He ion-implanted silicon substrates. 

 

Experimental 

This study used silicon wafer substrates containing 4He+ implanted at energies of: (i) 15 keV 

with a nominal fluence of 1 × 1016 cm-2 (Leonard Kroko, Inc.); (ii) 27 keV with nominal fluences of 

0.5, 0.8, 2, and 8 × 1016 cm-2; and (iii) 4 keV with a nominal fluence of 1 × 1015 cm-2. The ion 

currents are 50 nA.  

An SNMS instrument called LIMAS [1, 7] was used for our measurements. Operation timings 

of the measurement sequence for LIMAS were described elsewhere [8]. A pulsed primary beam 

of 69Ga (30 keV and 38 nA) was focused to a spot 800 nm in diameter on the surface of the Si wafer. 

The pulse period was set to 500 ns. Sputtered neutrals were ionized by a focused (50 µm diameter 

at 100 µm above the sputtered points) femtosecond laser beam (wavelength: 800 ±60 nm) under 

strong-field ionization. The laser pulse was 40 fs with an energy of 3 mJ and a 1 kHz repetition. 
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Since the laser power density of the post-ionization exceeded 10-19 W m-2, the ionization 

corresponds to tunneling mechanisms [1].  We accumulated post-ionized ions for 200 primary 

beam pulses at each spot to collect data as a function of depth, allowing us to discriminate He depth 

distributions. The primary beam was rastered to form a crater in a sampling pattern of 15 × 15 spots 

with a step interval of 500 nm. Each crater had an area of 8 × 13 µm2 on the surface because the 

incident angle of the primary beam (formed by the optical axis of the primary beam on the surface 

and the normal to the surface at the point of incidence) was set to 55°. At this angle, the sample 

surface became perpendicular to the optical axis of the ion extraction optics into the mass 

spectrometer.  

Positive ions were introduced into a multi-turn time-of-flight mass spectrometer [9] by an 

acceleration voltage of -4 kV with 1 kHz repetition (synchronized with the primary ion pulses). 

Measurements were conducted for all the rastered primary beam spots, and only ions generated 

from the center (2.5 × 4 µm2, 5 × 5 spots) of the sputtered craters were used to determine the depth 

profiles in order to avoid crater edge effects. The flight path length of the mass spectrometer was set 

to 68 m for 4He+. We measured 4He+, 28Si4+, 28Si3+, 28Si2+, and 28Si+. The intensities of each mass 

were integrated with respect to its time-of-flight mass spectrum to calculate the respective ion 

intensities. The 4He+ intensities were normalized to individual or the total intensities 

of 28Si4+, 28Si3+, 28Si2+, and 28Si+ and translated to concentrations using their fluences. The vacuum 

of the sample chamber was maintained at 3 × 10-8 Pa during measurements. The depths of sputtered 

craters were measured after depth profiling analyses by an atomic force microscope (Asylum 

Technology, MFP-3D-BIO-J).  
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Results and Discussion 

A typical depth profile of 4He+ implanted in the Si wafer is shown in Fig. 1. The intensities of 

Si ions appear constant during analysis, indicating a stable sputtering rate and stable post-ionization. 

Therefore, we assume a constant sputter rate when converting time to depth for each measurement 

and adopt an average sputtering rate determined by dividing the total crater depth by the total 

sputter time. The 4He profiles strongly suggest an ion implant, but a certain background always 

remains (i.e., the signal never drops to zero). This 4He background can also be observed for samples 

without ion implants under the same measurement conditions. The similar intensities seen for all 

samples indicate that this blank is attributable to the by 4He gas in the photoionization volume 

above the sample surface. The ions comprising the blank come from the residual He in the vacuum 

and from adsorbed He on the surface sputtered by the primary beam. Note that the sample chamber 

was maintained at an ultrahigh vacuum of 3 × 10-8 Pa. 

The concentration profiles for He implanted into silicon wafers were calculated by the TRIM 

code [10] for each implant energy, then the maximum concentrations at the implant peak were 

calculated using the nominal implant fluence. The maximum concentrations of He increase with 

implantation fluences of He for the experiments in this study (Fig. 2).  On the other hand, the 

maximum values of the 4He+/28Si4+ ratio observed in the depth profile by LIMAS do not 

monotonically increase with He fluences. The ratios linearly increase with fluence up to 15 × 1015 

He cm-2, and abruptly decrease at around 20 × 1015 He cm-2. The ratios increase again with the 

fluences beyond 20 × 1015 He cm-2, but the increasing rate becomes small. The abrupt decrease 

suggests that the peak concentration of He implanted at that keV and fluence exceeded a margin for 

the He to hold in silicon crystal.  

For depth profiles at fluences less than 15 × 1015 He cm-2, the ion intensity ratios 

of 4He+/28Si4+ from the ion-implanted Si sample were converted to concentrations (atoms cm-3) by 
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normalizing the model calculated by the TRIM code to the nominal ion fluence. That is, the integral 

of the measured depth distribution was equated to the fluence of the implant. The general shapes of 

the He implants measured experimentally are in excellent accordance with the TRIM models for He 

concentrations above the blank level (Fig. 3). This shows that the 4He+/28Si4+ ratios are proportional 

to the respective concentrations and can be used for He quantification. The detection limit of He 

(defined by the background level) was down to 1018 atom cm-3. The detection limit in this study was 

similar to that previously reported [11], but the spatial resolution was much improved (2.5 × 4 

µm2). 

Relative sensitivity factors (RSFs) determined for the implants having fluences less than 15 × 

1015 He cm-2 are given in Table1. Included in the Table 1 are the RSFs for 4He 

referenced 28Si4+, 28Si3+, 28Si2+, 28Si+, and Σ28Si (=28Si4+ +28Si3+ +28Si2+ +28Si+), respectively. 

Reproducibility (mean, standard deviation) is given for results from both (1) implants having 

different fluences and implantation energies measured sequentially in a single session, and (2) the 

same sample measured on different dates. The RSFs are variable, ranging from 8% to 40% 

depending on the reference elements. In the both cases, however, the reproducibility of the RSF is 

better when 28Si4+ or 28Si3+ is used for the normalization than when 28Si2+ or 28Si+ is used. The 

efficiencies of post-ionization of LIMAS strongly depend on both laser power density and 

ionization energy [1, 12]. Therefore, the differences in reproducibility may be associated with 

ionization volumes in the neutral plume, which are strongly depend on their ionization energy. The 

first ionization energy of He is 24.59 eV which is higher than ionization energies of Si+ and Si2+ and 

lower than those of Si3+ and Si4+. The results suggest that if the reference ion selected for 

normalizing the He has an ionization energy higher than 24.59 eV, then the quantitative analysis 

becomes more reproducible.  

We may infer He ionization yield from the RSF referenced Σ28Si for LIMAS. The average 

RSF of 7x1022 atom cm-3 suggests that the He ionization yield achieve ~70 ±15 % under the 
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condition in this study if ionization yield of Si is 100% [1] and useful yields of He and Si are the 

same.  

Under experimental conditions with He fluence larger than 15 × 1015 He cm-2, it appears that 

the implanted He escapes from the silicon substrate before the measurement (Fig. 2). Surprisingly, 

depth distribution after the partial He escape is similar to the as-implanted profile. The distributions 

of 4He are apparently simulated by the TRIM code assuming applicable fluence to fit the profile 

(Fig. 4). The TRIM profiles resemble the observed depth profiles, but the simulated fluence is more 

than one order of magnitude smaller than the experimental one. Furthermore, the degree of fitness 

between measured and simulated profiles is less adapted compared with the relations shown in Fig. 

3, especially for profiles at the surface side. These results show that we must carefully select 

standards of appropriate ion implantation conditions for the quantification of He concentrations. 

The depth distribution shown in Fig. 4 suggests that the escape of He from the Si substrate 

cannot explained by a simple diffusion mechanism in uniform matter. This phenomenon rather 

resembles a sudden escape of He from the Si lattice due to exceeding the retention limit and 

effusion through the defect network generated by He ion implantation. Formation of nanometric 

bubbles may be related to this phenomenon. The minimal fluence required to observe helium 

bubbles in the as-implanted silicon is 5-10 × 1015 He cm-2, and the minimal He peak concentration 

is 3.5 × 1020 cm-3 [13]. These values are slightly smaller than the value for He escape in this study, 

suggesting that connection of defects to form a network may effectively facilitate the He escape. 

For the He ion implantation experiments, connection of defects into a network may significantly 

develop above a fluence of 10 × 1015 He cm-2 and facilitate the effusion of He from the Si wafer. 

The discordance of the surface side depth profiles in Fig. 4 suggests that the effusion of He occurs 

easier in the region beneath the surface. Effective He effusion is expected to occur abruptly when 

the network of defects connects to the surface of the Si wafer and is expected to periodically or 

gradually continue after the connection is established. Similar escape features for the change of He 
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depth distribution from the as-implanted He profile in the Si wafer have been observed in 

isothermal He desorption experiments [14]. 

 

Conclusions 

We have developed a method for quantitative analysis of He in a silicon substrate. A SNMS 

technique with strong-field post-ionization was applied to the depth profile analysis of a 2.5 × 4 

µm2 area. Ion implantation into Si substrates was used to prepare standards with known 

concentration. A 10% precision of He quantification reproducibility was achieved, and the detection 

limit was lowered to 1018 He cm-3 (20 ppm). Effusion of He from the Si substrate occurred during 

implantation experiments at fluences above 15 × 1015 He cm-2. The He effusion reduced the He 

concentration in the substrates, but the relative distribution remained largely original.  
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Figure Captions 

 

Figure 1. Ion intensity distribution measured as a function of depth (nm) from surface of a Si wafer 

implanted with 27 keV 4He+ at a fluence of 5 × 1015 ions cm-2. The intensities of various Si reference 

ions are nearly constant with depth, demonstrating stability. 

 

Figure 2. Correlations between He+/Si4+ depth profile maximum values, maximum concentrations of 

implanted He ions simulated by TRIM, and their He fluences. Red symbols: He+/Si4+, blue symbols: 

TRIM.  

 

Figure 3. Depth distributions of He implanted into Si wafers at 15 and 27 keV with respective 

fluences shown in the figure. Solid curves were obtained using the TRIM code for each experimental 

condition.  

 

Figure 4. Depth distributions of He implanted into Si wafers at 27 keV 4He+ with experimental 

fluences of 2 × 1016 (red) and 8 × 1016 (blue) ions cm-2. Solid curves were obtained using the TRIM 

code for 27 keV 4He+ with 2.5 × 1015 (red) and 5 × 1015 (blue) ions cm-2. Note deviation of the 

measured concentration from the expected concentration close to the radiation-damaged surface.  
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