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Abstract 

Rationale: Continuously downscaling integrated circuit devices require fabrication of 

shallower p-n junctions. Ion implantation approach at low energy is subjected to low beam 

current due to the Coulomb repulsion. To overcome this problem cluster ions can be used for 

implantation. In comparison with single ions, the cluster ions possess lower energy per atom 

and reduced Coulomb repulsion resulting in high equivalent current. 

Methods: In this study to carry out low energy implantation into single crystalline silicon and 

4H-SiC samples we employ Aln
- (n = 1 – 5) clusters with energy in the range of 5–20 keV. 

The Al clusters are obtained by Cs sputtering of Al rod. Time-of-flight secondary ion mass 

spectrometry (IONTOF TOF.SIMS-5) is used to study aluminum and oxygen sputter depth 

profiles for different cluster sizes and implantation energies before and after annealing 

treatment.  

Results: A distinguishable effect of the energy per atom in the cluster on reduction of the 

projected range Rp is revealed. The lowest Rp of 3±1 nm has been achieved in SiC samples at 

the energy per atom of 1.66 keV. After annealing of Si samples, a considerable change of the 

Al profiles due to redistribution of Al atoms during motion of the front of recrystallization is 

observed. The influence of the number of atoms in the cluster at the same energy per atom 

within the experimental uncertainty is not observed. 

Conclusions: The transient effects of the sputtering by the primary ion beam distort the shape 

of the Al profiles in Si samples. In the case of SiC, due to its relatively lower surface 
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chemical activity, more informative ToF-SIMS depth profiling of the shallow cluster 

implantation is feasible. 

 

Introduction  

Recently, continuously smaller integrated circuit devices such as computers and mobile 

communication equipment have led to an ongoing need to fabricate shallow junctions, which 

have already broken through less than 7 nm ultra-shallow doping in silicon wafers [1]. Ion 

implantation would be difficult to be replaced in the manufacture of advanced semiconductor 

devices due to the concentration control, accuracy and stability of the injection depth, and 

repeatability. To meet the requirements of shallow junction depth, besides reducing ion 

energy and change of the incident angle, the implantation of polyatomic ions (clusters) has 

become a practical and feasible approach. Advantages of the cluster implantation are: (i) a 1/n 

partitioning factor for the implantation energy (where n is the number of atoms in the cluster), 

(ii) a n5/2 amplification factor for the beam transport gain, due to reduction of the space 

charge effect [2, 3], (iii) a 1/n reduction factor for the implantation time with the same current 

[3], and (iv) a non-linear factor [4] for the implantation-induced damage, which suppresses 

transient-enhanced diffusion during annealing treatment [5]. 

In shallow implantation, most researchers choose an injection of B into Si, since B 

possesses the highest solid solubility with low acceptor ionization energy and hence high 

electrical activity. However, an effect of “channeling-tail” results in broadening of depth 

profiles. Young et al. implanting 11B into silicon at 35 keV have showed that the depth 

profiles also have very evident “tail” after thermal and especially laser annealing [6]. Later it 
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has been shown that the “channeling-tail” effect can be reduced by implantation of SiB 

polyatomic ions instead of B single ions [7]. It was also found that if the energy decreased 

from 1 keV to 100 eV, the effect of reduction of projected range is cancelled out by transient 

enhanced diffusion during a rapid thermal annealing [8]. Takeuchi et al. have shown feasibility 

of using polyatomic molecular decaborane (B10H14), as a kind of B cluster to form shallow 

p+/n junctions [5]. Recently, Krügener et al. have used ion implantation of amorphizing 

species of BFx (x = 1, 2) to lower the thermal budget of annealing for formation of n-type 

silicon solar cells [9]. Aluminum is another p-type dopant of Si, which almost is not used due 

to its lower solubility at the level of 2×1019 cm-3 at 1100 ˚C in comparison with that of B, 

4.5×1020 cm-3 at 1150 ˚C [10]. However, using the SRIM code it can be shown that Al ions of 

same energy have higher stopping power in comparison with B, which facilitates shallow 

implantation [11]. Al implantation with energy of 200 keV in Si (100) was studied by Sadana 

et al. [10]. Upon annealing Al was redistributed anomalously: the depth distribution had a few 

peaks, which were explained by the formation of defect layers due to the segregation of Al in 

precipitates, stimulated by its low solubility. An attempt to use low-energy shallow 

implantation of Al in Si was made by Hönicke et al. [12]. Al implanted in Si at energies in the 

range of 1 – 50 keV was studied by secondary ion mass spectrometry (SIMS) and 

synchrotron radiation-based depth-sensitive X-ray fluorescence techniques. The projected 

range less than 4 nm was reached at the energy of 1 keV. In another study carbon clusters 

such as C3H5 and C2H5 have been used for special shallow defect formation in silicon, such 

defects possessing high gettering capability for metal ions can improve CMOS image sensor 

parameters [13]. 
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Nowadays, SiC is studied as a material for high-voltage and high temperature 

applications, due to its wide band gap, high thermal conductivity, and large breakdown 

electric field [14,15]. However, thermal diffusion doping requires temperatures more than 1700 

˚C because of very low diffusion coefficients of impurities [16]. Therefore, the ion 

implantation becomes an essential method of SiC doping. Al and B are mostly used as p-type 

dopants, and Al has an advantage of small redistribution after thermal annealing [17]. Recently, 

small clusters of C6 were proposed to reduce graphitization temperature for graphene 

synthesis on 6H–SiC substrate [18]. 

To the best of our knowledge, presently there is lack of publications on solid-state cluster 

implantation into semiconductors, especially for SiC. In this work, we show advantages of 

the aluminum implantation, such as high stopping power, and the cluster effect (reduced 

energy per atom in the cluster) for further reduction of the implantation depth. We deploy 

small Al-clusters extracted from a source of negative ions by cesium sputtering (SNICS) to 

dope the single crystal n-Si and 4H-SiC. The Al target is a convenient material for SNICS, 

which can produce intense negative cluster ion beam. 

 

Experimental details  

Aln
- (n = 1 – 5) cluster ions were produced by a SNICS source discussed elsewhere [19]. 

The Al target was prepared of a pressed Al powder (>99 % purity, Sinopharm Group 

Chemical Reagent Company). The cluster ion current is ranged from 1.5 µA (n = 2) to 0.27 

µA (n = 5) at the accelerating voltage of 20 kV. The cluster ions with a desired number of 

atoms are selected by the electromagnet with the magnetic field up to 0.7 T. 
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The samples were single crystal n-Si (10×10 mm2 in size, thickness of 0.5 mm, <100> 

orientation, resistivity of 10 Ω·cm, doped with P, oxygen content <18 ppm) and 4H-SiC 

plates (10×10 mm2 in size, thickness of 0.3 mm, <0001> orientation, Si-faced, Hefei Kejing 

Material Tech. Co. Ltd.). Before the ion implantation, the Si samples were rinsed in 5% HF 

solution to remove the surface oxide layers. Aln
- (n = 1 – 5) cluster were used as projectiles. 

The cluster ion implantation was performed at the dosage of 1015 atoms/cm2 and energy in the 

range of 5 – 20 keV through a 5×5 mm2 aperture near the irradiated sample at room 

temperature. The dose is defined as the number of atoms (but not clusters) per square cm. To 

improve the homogeneity of the implanted aluminum we used defocusing of the ion beam, 

which results in decrease of the beam current in ~10 times. To suppress the channeling effect 

during implantation the surface normal of the samples was tilted to 10 degree relative to the 

cluster beam. After implantation, the samples were annealed at 800 ℃ for 30 min in Ar 

atmosphere (PAr = 1 atm) to recover the crystal structure. 

SRIM-2013 code was used to simulate implantation depth profiles. As a binary collision 

model, SRIM-2013 is not directly applicable for the cluster ion implantation, which is known 

to be complicated by the “clearing-the-way” effect resulting in increased projected range [20]. 

Therefore, SRIM-2013 can be used only as a first approximation. In simulation we use the 

same tilt of 10 degree and appropriate energy per atom E/n, where E is the cluster ion energy 

and n is the number of atoms in the cluster, 100000 Al projectiles were used. 

Fig. 1a shows mass-spectrum of the negative cluster ions obtained from the Al target. 

Besides Al clusters, atomic oxygen and AlO- ions originating from the naturally oxidized 

surface layer of the Al particles are observed. An advantage to use cluster ions instead of 
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single ions is demonstrated in Fig. 1b. The equivalent current calculated as a product of 

measured current and the number of atoms in the cluster is shown as a function of the energy 

per atom calculated as a ratio of the cluster energy and number of atoms in the cluster. All 

clusters demonstrate equivalent current, which is more than one order of magnitude higher 

than the single ion current at the same energy per atom. At the accelerating voltage less than 5 

kV the beam current decreases sharply, therefore, only cluster ions can be used at the energy 

per atom lower than 5 keV. 

The prepared samples were characterized by means of the time-of-flight secondary ion 

mass spectrometry (ToF-SIMS) using an IONTOF TOF.SIMS-5 apparatus at ISSP RAS 

(Moscow, Russian Federation).The instrument operated in the dual beam mode employing 1 

keV/80 nA Cs+ or 1 keV/150 nA O2
+ sputtering beams scanned over an area of 250 × 250 

μm2 and pulsed 25 keV/1 pA Bi+ ion beam for analysis scanned over an area of 50 × 50 μm2 

in the center of the sputtered zone. Both beams were incident at 45° from the normal. 

Elemental in-depth profiles were measured in 2-3 different points of the sample surface for 

each cluster species and implantation energy. 

The implantation depth was estimated by the crater depth measurement using an 

AMBIOS XP-1 stylus-type profilometer under assumption of a constant sputter rate. The 

experimental uncertainty of the sputter rate and, correspondingly, the projected range Rp, is 

estimated at 5%. These parameters (Rp and longitudinal range straggling ΔRp) were calculated 

using fitting by the Pearson IV distribution. It should be noted that the contribution of the 

analysis ion beam in the total sputter rate is negligible since under our experimental 

conditions the sputter rate ratio is higher than 250. It means that the analysis beam erodes less 
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than 0.4 % of the sample material being sputtered. Presently, the value of the sputter rate ratio 

in the range of a few hundred up to thousand is typical for the most part of depth profiling 

using modern ToF-SIMS instrumentation [21]. Intensities of Al signal in depth profiles were 

recalculated into bulk concentration using the value of relative sensitivity factor (RSF) for Al 

in Si [22] and Al in SiC [23]. 

 

Results and discussion 

Fig. 2a shows ToF-SIMS aluminum depth profiles after Aln (n = 1, 2, 3, and 5) cluster 

implantation into n-Si at 10 keV and dose of 1015 atoms/cm2 before annealing as well as 

TRIM simulated profiles of aluminum ions at corresponding energy per atom [11]. Fig. 2b 

shows profiles after Aln (n = 2, 3, and 5) cluster implantation at 20 keV and corresponding 

simulations. The simulated profiles were normalized to the experimental profiles. The 

experimental and simulated projected ranges Rp and longitudinal straggling ΔRp are shown in 

Table 1. As expected, the projected range decreases along with the energy per atom in the 

cluster. Comparison of the implantation of cluster Al2 at 20 keV and atomic Al1 at 10 keV, i.e. 

with the same energy per atom, shows similar projected range of ~16 nm. Therefore, within 

the experimental uncertainty one can conclude the absence of any visible nonlinear effects 

caused by an interaction between atoms of Al2 cluster. All experimental ToF-SIMS profiles 

have wider descending shoulders. These deviations (“tails”) can be explained by not 

completely suppressed channeling effect [10] and knock-on and mixing effects of SIMS. The 

greatest deviation both of the projected range and profile shape from the simulated profiles is 

observed for the clusters with the lowest energy per atom. Such profile deviations at the 
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surface are explained by transient effects, which appear at the very beginning of the 

sputtering by the primary beam in SIMS. It corresponds to the depth, usually from 1 to 3 nm, 

to be sputtered before the erosion becomes stationary and a steady equilibrium between 

implanted and re-sputtered primary ions has been established [24]. However, even with this 

effect the decrease of the Rp along with decreasing energy per atom are clearly observed. The 

decrease of Rp is also proved by a shift of descending shoulders of the profiles towards the 

surface, which are less subjected to the transient effect. 

Fig. 3a shows aluminum profiles after Aln (n = 2 – 4) clusters implantation into 4H-SiC 

at 10 keV and dose of 1015 atoms/cm2 before annealing and simulated by SRIM-2013 code 

profiles [11]. In Fig. 3b the profiles after Al3 cluster implantation at energies of 5 – 20 keV and 

the same dose are presented. Similar to implantation into Si the projected range decreases 

along with the energy per atom in the cluster (see Table 2). The transient effect is also present, 

but to a much lesser extent compared with Si samples. This fact allows to observe clearly the 

implantation profile with the projected range of 3±1 nm for clusters with energy per atom 

only 1.66 keV. Another reason for the poorer lack of agreement between the experimental 

data and calculation for Si profiles can be the influence of a native oxide layer, which is 

absent in the case of SiC. 

To recover Si crystal structure, furnace annealing at 800 ℃ for 30 min was performed. 

Fig. 4 shows Al profiles after implantation with Al2 clusters at 20 keV and dose of 1015 cm-2 

before and after annealing. After annealing the maximum of the Al distribution is shifted 

towards the surface; moreover, small additional peaks have appeared at 20 and 40 nm. Such 

change of the profile can be explained by the process of recrystallization of the surface 
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amorphous layer during annealing and the limited solubility of Al in the crystalline Si [10]. 

The recrystallization of the surface amorphous layer starts from the amorphous/crystalline 

interface, which is located at the deep edge of the profile. During annealing the interface is 

moved towards the surface. Since the solubility of Al in the crystalline Si is limited, the Al 

atoms are pushed ahead of the amorphous/crystalline interface. Therefore, most of Al atoms 

are transferred to the surface layer, where the recrystallization is finished. The small 

additional peaks appear due to the segregation of aluminum into precipitates. The formation 

of the peak at the depth of 40 nm is promoted by a defect layer (dislocations and vacancies) at 

the initial amorphous/crystalline interface [10,25], whereas, the peak at the depth of 20 nm can 

be originated by the defects in the region where the concentration of vacancies is maximal. In 

Fig. 4 the depth profiles of oxygen before and after annealing are also shown. The oxygen in 

the surface oxidized layer is observed as a peak in the range within 0-10 nm. The oxygen 

dissolved in the Si wafer is observed at a constant level of about 1018 cm-3. After annealing 

procedure, the concentration of oxygen in the surface layer increases, probably due to small 

oxygen contamination of the argon atmosphere. The authors of Ref. [10] have found an 

apparent correlation for aluminum and oxygen profiles after an annealing procedure. It was 

considered a role of oxygen in pinning of the aluminum precipitates. However, in our 

experiment we have not observed any correlation in the profiles of these two elements. 

Therefore, it can be concluded that in the case of low energy cluster implantation there is no 

influence of bulk oxygen on the aluminum precipitate formation during the annealing 

process. 
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Conclusion 

We have performed Aln (n = 1 – 5) cluster implantation into n-type single crystalline Si 

and 4H-SiC. Aluminum clusters were produced by the SNICS source. The implantation 

energies of 10 or 20 keV and dose of 1015 atoms/cm-2 were used. The depth distribution of the 

aluminum measured by ToF-SIMS shows evident dependence of the projected range Rp on 

the energy per atom in the cluster. The Rp is changed from 16.1±0.7 to 3±2 nm in the energy 

per atom range 10 – 2 keV in Si substrate and from 9.2±0.6 to 3±1 nm in the energy per atom 

range 20 – 5 keV in SiC substrate. However, due to the transient effects as well as enhanced 

surface activity in the case of Si substrates ToF-SIMS depth profiles for low energy per atom 

implantation demonstrate shallower and distorted distributions in comparison with those 

simulated by TRIM. Any influence of the number of atoms in the cluster at the same energy 

per atom is not observed within the experimental uncertainty. To recover Si crystal structure 

after implantation we use furnace annealing at 800 ℃ for 30 min in an argon atmosphere. 

ToF-SIMS profiles of the post-annealed samples reveal considerable change of the Al 

distribution, which is explained by the process of the recrystallization of the surface 

amorphous layer during annealing and the limited solubility of Al in the crystalline Si. The 

process of redistribution of Al during the annealing results in the pushing of dopants towards 

the surface. Moreover, the annealing process results in Al precipitate formation, which is not 

related to the oxygen content of the bulk Si. 
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Table 1. Comparison of simulated and experimental profile parameters for implantation into 

Si. 

Energy per 

atom, keV 

Simulated Rp / ΔRp 

for Al1, nm 

Experimental Rp / ΔRp, nm 

10 keV 20 keV 

10 20.8±0.3 / 12.4±1.3 Al1 16.1±0.7 / 14.8±0.7 Al2 15.5±0.8 / 14.2±0.6 

6.66 15.1±0.2 / 8.7±0.7 - Al3 12.4±0.7 / 11.8±0.5 

5 12.1±0.1 / 6.6±0.3 Al2 9.9±0.8 / 6.1±0.5 Al4 9.0±0.7 / 5.8±0.5 

4 10.1±0.1 / 5.6±0.2 - Al5 4±2 / 3±1 

3.33 8.9±0.1 / 4.9±0.1 Al3 6±1.5 / 3±1 

- 

2 6.2±0.1 / 3.4±0.1 Al5 3±2 / 3±1 

 



 

 
This article is protected by copyright. All rights reserved. 

 

Table 2. Comparison of the simulated and experimental profile parameters for implantation 

into 4H-SiC. 

Energy per 

atom, keV 

Simulated Rp / ΔRp 

for Al1, nm 

Experimental Rp / ΔRp, nm 

10 keV Al3 

6.66 9.7±0.1 / 4.5±0.2 - 20 kV 9.2±0.6 / 5.5±0.4 

5 7.8±0.1 / 3.7±0.1 Al2 7.1±0.5 / 4.4±0.3 15 kV 6.5±0.4 / 4.5±0.3 

3.33 5.8±0.1 / 2.8±0.1 Al3 5.0±0.5 / 3.4±0.3 10 kV 5.0±0.5 / 3.4±0.3 

2.5 4.7±0.1 / 2.3±0.1 Al4 3.5±0.7 / 3.1±0.3 - 

1.66 3.5±0.05 / 1.7±0.1 - 5 kV 3±1 / 1.4±0.3 
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Fig. 1. Mass spectrum of the cluster ion beam at 20 keV formed by Al target (a). Equivalent 

currents of Aln (n = 1 – 5) cluster ions at different energy (b). 
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Fig.2. ToF-SIMS depth profiles of aluminum implanted into n-Si at dose of 1015 atoms/cm2 

before annealing and simulated profiles with corresponding energy per atom: Aln (n = 1, 2, 3, 

and 5) clusters implanted at 10 keV (a) and Aln (n = 2 , 3, and 5) clusters implanted at 20 keV 
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(b). 

 

Fig.3. ToF-SIMS depth profiles of aluminum implanted into 4H-SiC and simulated profiles 

with corresponding energy per atom: Aln (n = 2 – 4) clusters implanted at 10 keV (a) and Al3 

clusters implanted at 5, 10, 15, and 20 keV (b). 
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Fig. 4. ToF-SIMS depth profiles of aluminum and oxygen in Si samples before and after 

annealing at 800 ℃ for 30 min. The projectiles are Al2 clusters with energy of 20 keV. The 

arrows show peaks corresponding to aluminum precipitates 

 


