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Abstract 

This paper describes successful results obtained by a new type of plasma source, named as 

Vaporization of Solid Targets (VAST), for treatment of materiais for space and aerOspac,e 

applications, by means of plasma immersion ion implantation and deposition (PlEI&D). 

Here, the solid element is vaporized in a high pressure glow discharge, being further 

ionized and implanted/deposited in a low pressure cycle, with the aid of an extra electrode. 

First experiments in VAST were run using lithium as the solid target. Samples of silicon 

and aluminum alloy (2024) were immersed into highly ionized lithium plasma, whose 

density was measured by a double Langmuir probe. Measurements performed with 

scanning electron microscopy (SEM) showed olear modification of the cross-sectioned 

treated silicon samples. X-ray photoelectron spectroscopy (XPS) analysis revealed that 

lithium was implanted/deposited into/onto the surfac,e of the silicon. Implantation depth 

profiles may vary according to the condition of operation of VAST. One direct application 

of this treatment concerns the protection against radiation damage for silicon solar cells. 

For the case of the aluminum alloy, X-ray diffraction analysis indicated the appearance of 

prominent new peaks. Surface modification of Al2024 by lithium implantation/deposition 

can lower the coefficient of friction and improve the resistance to fatigue of this alloy. 

Recently, cadmium was vaporized and ionized in VAST. The main benefit of this element 

is associated with the improvement of corrosion resistance of metallic substrates. Besides 

lithium and cadrnium, VAST allows to peiforming PITI&D with other species, leading to 

the modification of the near-surface of materiais for distinct purposes, including 

applications in the space and aerospace areas. 
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1. In trodu ction 

Most of the materiais used in space and aerospace applications, regardless of being 

polymeric, metallic or serniconductor, require some kind of treatment to face the harsh 

space environment they are submitted. 

Plasma immersion ion implantation and deposition (PIII&D) is an effective method to treat 

the surface of a variety of materiais [1-3], including those for space and aerospace areas. A 

significant advantage of this process in comparison with beamline ion implantation[4] is its 

non line-of-sight characteristic that allows the treatment of complex surfaces without target 

manipulation. Nevertheless, this approach is sometimes limited by lhe type of lhe plasma 

source used, usually produced by means of gaseous discharges of nitrogen or carbon. In 

order to meet the demands for new material requirements, it is essential to consider new 

plasma sources, especially those ones using solid elements, as needed for treatments with 

many metallic species. This is an important issue because metal-ion implantation has 

shown significant advantages over gaseous ion implantation in several applications [5]. In 

particular, the implantation and/or deposition of metallic species into/onto lhe surface of 

materiais used for space and aerospace applications can significantly improve their 

characteristics. 

This paper reports about a process of P11184D performed on samples of silicon and 

aluminum alloy (2024), using lithium ions. The lithium plasma was produc,ed in a 

Vaporization of Solid Targets (VAST) source after the vaporization of solid lithium [6]. 

Implantation of lithium in silicon is intended to improve the resistance to radiation 

damage of a silicon solar cell. The purpose is to treat the cell's base region, where most of 

radiation damage occurs. Even though lithium is an n-dopant in silicon, the main purpose is 

to introduce lithium in controlled quantities so that the cell base remains p-type. It is well 

known that p-type silicon is innately more radiation damage resistant than n-type silicon. In 

the case of aluminum, the implantation/deposition of lithium can change its surface 

properties, lowering the coefficient of friction and improving the resistance to fatigue of 

this alloy. 
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2. Experimental 

The process of PlII&D using VAST makes use of a glow discharge running in high and 

low pressure values, in which argon played the role of the carrier of the gas and the heater 

of a crucible containing the solid element (lithium). The experimental apparatus is shown in 

figure 1[7]. 

To start the process, initially argon gas fills 60 liters by volume vacuum chamber 

until a pressure of approximately 1 mbar is established. An argon glow discharge is turned 

on when the cathode, consisting of a conic molybdenum crucible 2 cm deep and hosting 

small pieces of metallic lithium, is negatively polarized by a DC voltage ranging from 

400V to 1 kV. For this condition, the plasma remains concentrated around the electrode. 

The high flux of argon ions reaching the cathode leads to a fast heating of the target. The 

temperature of the crucible reaches 400 °C easily, which is much higher than the melting 

point of the lithium (180 °C). 

Once evaporated, lithium atoms are ionized due to collisions with plasma particles. The 

process is self-sustained and, as the lithium is being evaporated and ionized, more ion 

collisions happen, causing further increase of the temperature of the crucible and higher 

evaporation rate of lithium, as previously predicted [8,9]. If the pressure of the discharge 

and the polarization of the electrode remam n constant, the temperature of the crucible begins 

to increase exponentially. In fact, temperatures as high as 800 °C were measured by an 

optical pyrometer viewing the crucible through a side glass window. Even though very high 

lithium evaporation rate occurs for this case, the pressure of the discharge is reduced to 6 x 

10-3  mbar in order to allow the plasma to spread out to fill the processing chamber steadily. 

The pumping system which is composed of a two-stage rotary pump (10 m 3/h), a 

mechanical booster pump based on Roots principie (375 m 3/h) and a diffusion pump allows 

for the operation pressure to remam n in the range of 6 x 10-3  mbar to 1 mbar, for the whole 

process. 

When the operation pressure is decreased to 6 x 10 -3  mbar, the other electrode 

(anode) is positively polarized to further ionize the metal vapor. For this case, negative 
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voltage pulses (6kV/6p.sakHz), supplied by a Compact High Voltage Pulser (CHVP) 

[10,11], are applied to the Si samples, causing lithium base coating and implantation. 

CHVP can supply pulses of up to 20 kV but with reduced duty cycle. The degree of 

ionization changed significantly after lithium vaporization, since plasma density measured 

by double Langmuir probe varied from a maximum of 4 x le mbar to 1 x 10 10  mbar. 

Silicon test samples were investigated using high resolution x-ray diffraction analysis. 

The X-ray diffraction measurements were carried out in a Phillips X'Pert diffractometer 

equipped with a four-crystal Ge(220) monochromator in the primary optics (between the 

Cu X-ray tube and the sample). In this configuration, the incident X-ray beam has an axial 

divergence of 12 arcsec and a wavelength dispersion of approximately 2 x 10 -4 . An open 

detector in the secondary optics detected the diffracted beam. W-Scans around the Si(004) 

diffraction peak with the detector fixed at the 2® Bragg angle (rocking curve) were 

performed on the Si wafers before and after lithium implantation. 

X-ray photoelectron spectrometry was performed in a Shimadzu ESCA-1000 device. 
Surface analysis was carried out using a JSM 5310 Scanning Electron Microscope. 

3. Results and Discussion 

The effect of ion implantation in silicon substrate can be verified by means of high 

resolution X-ray diffraction measurements [12]. In fact, such measurements are strongly 

affected by the strain distribution created both by ions and damage in the implanted region 

[13,14]. The rocking curve for a silicon sample inunersed into the lithium plasma produced 

in VAST during 50 minutes, under an operation pressure of 6 x 10 -3  mbar and polarized by 

pulses of 6.5 kV/2.5 k1{z/7p.s, indicated a clear distortion in comparison to the symmetrical 

curve for the untreated sample, as can be seen in figure 2.This first evidence of ion 

implantation was further confirmed by SEM and XPS measurements. 

Scanning electron microscopy (SEM) analysis using a backscattering electrons' detector 

was used to view the cross-section of a silicon sample irnplanted with lithium atoms using 

VAST. THE SEM analysis revealed the forrnation of a uniform layer of 0.19 p.m in 

thickness below a coated surface of approximately 0.23 gni, as can be seen in figure 3. In 
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the SEM irnages in figure 3, the clearer regions are identified as the ones with higher 

conductivity. Therefore, the presence of lithium, a metallic element, is distinguished from 

lhe silicon, a semiconductor, by the contrast of the image. The thickness of both regions 

may vary, according to the conditions of treatment of VAST. By varying lhe pressure of the 

discharge and the temperature of the crucible, the thickness of the clearer regions, results 

not shown here, may vary significantly, reaching values from tens of nanometers up to 2 

um. 

The atomic concentration of lithium implanted into silicon sample reached a 

maximum of 75% as measured by XPS at the free surface. A gradual decrease of lithium 

concentration with time of etching was observed, with the Li concentration reaching 

practically zero after about 70 minutes of etching, as can be seen in figure 4a. Inversely, 

the concentration of silicon increases with the .  increase of the etching time, denoting the 

process of lithium implantation. Oxygen is a contaminant in this case and its presence is 

also due to lhe process of lithium oxidation. The etching rate that was used during XPS 

depth profile measurements was 3.3 nrn/min and was calibrated by Si02. 

Figure 4b and 4c show distinct intensities of the binding energy for Li Is (54.7 eV)[15,16] 

and Si 2p (99.2 eV)[17], respectively, versus lhe etching time. For lithium case, first curves 

mainly concern Li20 ionic binding, changing to Li — Li and to Li-Si, metallic bindings. As 

it was expected, lhe intensities decreased and vanished with the penetration depth, due to 

lhe absence of lithium element for inner layers. It is worthwhile to verify a slight shift of 

lhe peak of the binding energy for lithiurn from higher values to smaller ones, due to the 

kind of binding of lithium with oxygen first, lithium and silicon afterwards, according to 

lhe evolution of the etching time. For Si case, the intensity of lhe first lines is negligible, 

due to lhe high concentration of lithium and the presence of oxygen in lhe near surface. The 

decrease of the intensity of these elements explains the increase of lhe intensity of silicon 

lines for greater etching times. Here, a shift of lhe binding energy to lower values occurs. 

This is probably due to the presence of silicon oxide in outer regions, in comparison to the 

binding energy of silicon-silicon for the inner layer. 

Lithium was also implanted in aluminum alloy Al2024. First measurements were 

made in such samples in order to verify lhe presence of lithium atoms by means of X-ray 

diffraction. Prominent new peaks, distinct from the ones present in untreated sample of 
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Al2024, appeared in the x-ray diffraction patterns, as shown in figure 5. This figure shows 

the diffracted lines for pure lithium, pure aluminum alloy and for three samples of the alloy 

submitted to PIII&D with lithium atoms in VAST. It can be observed that ali the peaks of 

pure aluminum are present in the treated samples. Otherwise, the main peaks for lithium 

(36°  and 52°) were suppressed in the treated samples. 

This is due to the fact that lithium diffuses in the crystal cell of the aluminum and, 

therefore, there are no peaks of its main crystallographic plane. The bands shown in this 

diffractogram may be due to oxides of different coordinate numbers and hydration, since 

lithium fast reacts with oxygen and moisture in the air. 

New planes, absent from the pure aluminum and lithium, are present in 

diffractograms of the implanted samples. This may be explained due to the low atomic 

weight of lithium that occupies interstitial spaces, originating crystalline planes not present 

in the pure elements. Additionally, it can be verified that the main aluminum planes are 

intensified, showing that lithium also occupies interstitial spaces in aluminum in the same 

preferential planes. 

4. Summary 

VAST is a new plasma source that was designed to perforrn PlII&D by means of the 

vaporization of solid targets. In the experiment reported in this paper, lithium was 

vaporized and ionized in VAST and implanted in silicon and aluminum substrates. For 

silicon samples, high resolution X-ray diffraction analysis revealed clear asymmetry of the 

curve obtained for the treated sample in comparison with the untreated one, as a result of 

the lithium implantation. SEM measurements showed a distinct outer layer hundreds of 

nanometers thick due to the presence of lithiurn, in contrast with the pure silicon substrate. 

In addition, XPS results indicated atomic concentration of lithium of 75% in the near 

surface and a gradual decrease afterwards. For aluminum alloy, X-ray diffraction showed 

the presence of prominent new peaks due to the treatrnent with lithium atoms. In brief, 

VAST was able to perform PiI&D in silicon and aluminum -alloy with lithium atoms, a 

kind of treatment of interest for space and aerospace areas. By modifying the conditions of 

treatment, mainly concerning to the characteristics of the pulse applied to the samples, it is 

possible to create different implantation profiles. This would be the next necessary 

362 



Pulse 

;,C,414,:n 

 

experimental step, to find the best conditions in VAST to treat the base of silicon solar cells 

and specimen of aluminum alloy 2024. 
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Figure 1. Schematic drawing of VAST 
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Figure 2. Rocking curve for silicon sample treated by 11111&D with lithium 'ions in 
comparison with untreated Si substrate. 

(a) 
	

(b) 

Figure 3. SEM image of the cross section of a silicon sample implanted with lithium 
atoms. (a) magnification of 10,000; (b) magnification of 50,000 
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Figure 4. (previous page) XPS measurement for Si sample implanted with lithium atoms. 
(a) atomic concentration; (b) binding energy for Li Is; (c) binding energy for Si 2p 

Figure 5. X-ray diffraction for: pure lithium, untreated Al20024 and three samples of 

Al2024 submitted to PIII&D with lithium atoms in VAST. 
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