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Abstract. The process of ion-beam assisted deposition of tungsten and carbon by gallium 
ions has been studied using Auger electron spectroscopy (AES) and x-ray photoelectron 
spectroscopy (XPS). Tbe bulk composition of tungsten and organicdeposits was found to be 
70/14/15/1 W/Ga/C,'O and 64.4/3"./1/0.6 CjGa/O/Si at.% respectively. The deposition 
of tungsten resultsin the formation of a stable silicide complex at the interfacial region. The 
process of carbon deposition occurs by free radical formation and covalent bonding of 
organic molecules to the surface. 

1. Introduction 

The technique of focused ion-beam assisted deposition has gained much attention 
because it may facilitate the repair of integrated circuits [l, 21 and lithographic masks 
[3,4]. Although electron and focused laser-beam induced chemical reactions have been 
used for the same purpose, ion-beam assisted deposition has the following desirable 
qualities: (i) the ability of the ion beam to be focused to a point of <1 pm diameter with 
high resolution; (ii) high deposition rates; (iii) a vacuum of 10-'to lo-' mbar is required 
for operation; (iv) systems are commercially available, easy to use and compatible with 
other processes in the integrated circuit industry. 

The mechanism of the ion-beam induced reactions is still not well understood. At 
the most basic level, molecules absorbed on the substrate are decomposed by the ion 
beam, resulting in the deposition of metal or carbon atoms on the surface. Some typical 
precursors used for deposition are listed in table 1. All these studies have used a focused 
gallium ion beam of between 20 and 50 keV to deposit the precursor material. 

Table 1. Some precursors used in deposition 

Deposit Precursor Reference 

Tungsten Tungsten hexacarbonyl 151 

Gold Dimethyl gold hexafluroacetyacetonate (6,7] 
Tantalum Pentaethoxy tantalum [SI 
Carbon Styrene PI 

Tungsten hexafluoride [41 

0953-8984/91/SAS199 + 08 $03.50 @ 1991 IOP Publishing Ltd SI99 



s200 D W K Jenkins et a1 

Figurc 1. Precursor delivery system 

In this study the chemical bonding ( : precursor to the substrate and the i l k  
composition of the deposited material has been examined by surface analytical tech- 
niaues. 

2. Experiment 

The deposition experiments were carried out using the Oxford Instruments MicroTrim, 
at the Rutherford Appleton Laboratory, with a gallium ion beam of 42 lieV and a range 
of beam fluxes between 6.25 X 10" and 4.6 X 10" ion crK2. Tungsten hexacarbonyl 
(W(CO),) and an oxygen-containing aromatic hydrocarbon were used to deposit tung- 
sten and carbon respectively on a silicon surface at a pressure of2 x mbar. The gas 
delivery system used is illustrated in figure 1. was contained in an external 
reservoir heated to 40°C. The aromatic hydrocarbon was introduced at room tempera- 
ture. The precursors used were chosen for their general availability and stability at both 
atmospheric pressure and ambient temperature. 

2.1. Auger electron spectroscopy (AES) 

The tungsten deposits were analysed for tungsten, silicon, carbon, oxygen and gallium 
using a Perkin-Elmer PHI 595 scanning Auger electron spectrometer at the University 
of Bristol's Interface Analysis Centre. The carbon deposits were examined for carbon, 
silicon, oxygen and gallium. AU spectra were recorded using a LaB6 cathode operating 
at 5 kV. Depth profiling experiments were carried out using an Ar+ ion source at 
2 kV and a sample current of 3 PA. The etching rate was estimated to be 3 nm min-'. 
Quantitative analysis of the Auger spectra obtained was carried out usingrelative Auger 
sensitivity factors [IO]. 

2.2.  X-ray photoelectron spectroscopy (XPS)  

Areas of the surface measuring 200 pm2 were analysed using a Kratos analytical axis 
small-area x-ray photoelectron spectrometer. Data were gathered in the bindingenergy 
range 0-1000 eV which included the photoelectron regions for the W 4f, Si 2p, C Is and 
0 1s electron levels. All spectra were recorded using unmonochromatized Mg Ka 
radiation with the anode operating at 15 kV and 20 mA. Data handling and curve fitting 
were completed usingDS800software. Curve fitting of the spectra wascarriedout using 
a non-linear least-squares curve fitting program with a Gaussian product function. 

3. Results 

3.1. Tungsten deposits 

3.1.1. Scanning electron microscopy (SEM) and Auger electron spectroscopy (AES) 
measurements. Decomposition of %'(CO,) formed deposits of 5 pm2 with ion-beam 
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Figure 2. SEI images of tungsten deposits exposed to ion-beam fluxes (in ion cm-') of ( n )  
6.25 X 10"; ( h )  3.12 X lo'>; (c)6.25 X lO";(d) 1.62 X 10"; (e )  3.12 X 10"; (f) 4.6 X 10". 

fluxes of between 6.25 x 10" and 4.6 X IOi4 ion cm-'. SEM and AES analyses were used 
to characterize the surface following the deposition experiments. Figures 2(a) to ( f )  
show the changes of surface topography for tungsten deposits exposed to varying ion 
doses, Figure 2(a ) ,  resulting from the lowest ion flux used, shows a smooth surface 
primarily comprised of carbon, In figures 2(b) and (c), some removal of this preliminary 
carbon deposit is seen together with the subsequent deposition of tungsten along ion- 
beam raster lines. Figures 2(d) and (e) show sites of nucleation and subsequent infilling 



s202 D W K Jenkins et ai 

FigureS. (01 Surfacecomposmon oitungslcnacporilswith mymg ion flux ( b )  Augrrdeplh 
profile 01 rungsten depoor 1 produccd by 3 Ion BUY oJ 4 6 x IO ion cr.!), 

Figure 4. ( a )  W41, Si2p and CIS spectra of a tungsren deposit produced by a 
6.25 X 10" ion cm-' ion-beam flux. (b) W 4f, Si 2p and C Is spectra of a tungsten deposit 
produced by a 3.125 X 10'' ion cm-l ion-beam flux. 
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Figure 5. SEM images of tungsten deposits exposed to ion-beam fluxes (in ion cm-') of: (a) 
6.25 x 10"; (b) 3.12 X 10"; (c )  1.62 X loi3; and (d) 4.6 X 10". 

of the tungsten deposit. In figure 2(f) infilling between nucleation sites can be seen to 
be almost complete, producing even film growth. 

AES measurements from the surface of the deposits shown in figures 2(a) to (f), are 
displayed graphically in figure 3(a). These measurements were acquired prior to cleaning 
of the surface by argon ion etching. A depth profile of the thickest deposit formed with 
a gallium ion beam of 4.6 X lox4 ion cm-' is illustrated in figure 3(b). After etching for 
2 min the bulk composition in at. % was found to be W 70, C 15,Ol and Ga 14. Silicon 
was not detected in this film. 

Gallium was found to be incorporated in all of the deposits, suggesting the implan- 
tationof thiselement from the depositing ion beam. Prewett and Heard have calculated 
the maximum depth distribution of implanted gallium to be between 0 and 10 nm under 
similar conditions [ll]. 

3.1.2. XPS measurements. XPS measurements were recorded from a 200 pm' area of the 
freshly prepared deposits. Figures 4(a) and (b) show the change in the W 4f, Si 2p and 
C 1s photoelectron regions recorded from these surfaces which were prepared using 
different gallium ion fluxes. Figure 4(a) shows the surface analysis for the deposit formed 
with the low flux of 6.25 x 10" ion cm-*. Here the W 4f region is primarily associated 
with the metal oxides at a binding energy between 35 and 40 eV with very little evidence 
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Figure& Surtace composition of carbon deposits 
with varying ion flux. 

Figure 7. ( a )  C Is spectra of carbon deposit pro- 
duced by a 3.125 X 10" ion c W 2  ion-beam flux. 
(b) C Isspectra withcurve fitting. 

for metallictungstenfor which photoelectron lines would beexpected tooccurat binding 
energies between 30 and 35 eV. At the higher gallium ion flux of 3.12 x ion cm-?, 
tungsten was observed in the metallic state, with only a small contribution from the 
tungsten oxides and possibly tungsten silicides (figure 4(6)). 

The Si 2p photoelectron region in figure 4(a), recorded from the deposit produced 
using a low ion flux, clearly showed S O 2 ,  Si-Si and Si-W species, at binding energies of 
103.99, and 101 eV respectively [12]. At higher gallium-ion fluxes the Si 2p signal was 
found to be greatly reduced and SiO? was absent, leaving only elemental silicon and 
Si-W species. Inbothdepositscarbonappearedtobepresent mainlyas(CH2),,although 
there was some evidence for small amounts of a carboxyl group at binding energy 
287.5 eV and a carbide species at binding energy 283 eV [ 131. 

3.2. Carbon deposits 

3.2. I .  sE.~andaEsmeasurements. smimages ofcarbon depositsproduced with different 
gallium-ion beam fluxes are shown in figures 5(a) to (d ) .  Unlike the images obtained 
from the tungsten deposits produced under the same conditions, the topography was 
very smooth, indicating an even film growth. AES measurements on the deposit surfaces 
before depth profiling measurements using an argon-ion beam (see figure 6) clearly 
showing the formation of a film predominantly composed of carbon. It was also noted 
that gallium was absent from the surface of all these samples. After etching with an 
argon ion beam for 4 min, which removed an estimated 12 nm, the surface composition 
wasfoundtobe68 at.%carbonand32 at.%galliumonaatomicpercentagebasis. These 
values were subsequently confirmed by electron microprobe analysis which give values 
of 64.4% carbon, 34% gallium, 1% oxygen and 0.6% silicon. 

3.2.2. XPS measurements. A typical x-ray photoelectron spectra from the C 1s region of 
a carbon deposit which had been produced using an ion flux of 3.12 x 10" ion cm-? is 
shown in figures7(a) and (6). The broad carbon peak, figure 7(a), wasconsidered to be 
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produced mainly by (CH,), species. The deconvolution of this peak as shown in figure 
7(b) indicated the presence of other constituents. The high binding energy component 
could be attributed to >G=O species, whilst that at the lower binding energy is thought 
to arise from a Si-C bond. 

4. Discussion 

4.1. Tungsten deposition 

The bulk deposit is primarily composed of tungsten in the form of tungsten metal, 
indicating that tungsten hexacarbonyl is completely decomposed during the deposition. 
From SEM and AES data, three stages of deposition are apparent, corresponding to: 

(i) With a low gallium ion-beam flux a smooth deposit is formed consisting mainly of 
carbon. This probably arises form the ion-assisted deposition of organic contaminants 
in the system. 

(ii) Higher ion-beam fluxes induce the removal of the carbon deposit and the natural 
substrate oxide layer by sputtering, thereby encouraging the nucleation of a tungsten 
deposit at the clean substrate surface along the direction of the rastered gallium ion 
beam. 

(iii) With higher gallium ion fluxes, once the natural silicon oxide layer, of the 
substrate is completely removed deposition of tungsten occurs about the previously 
nucleated areas to produce a smooth surface. 

For the thicker tungsten, AES depth profiling shows an interface region in which 
tungstenandsiliconarepresent throughoutaregionofbetween 10to20 nmin thickness. 
At the interface of the deposit and substrate, a complex mixture of tungsten silicides is 
present. The most stable tungsten silicide is W,Si, and it is probable that this compound 
is the most abundant in the interfacial region [14]. Such tungsten silicides are produced 
by solidstate reactionsat temperatureof >650"C,suggesting that thegallium ion beam 
must produce high temperatures at the surface of the substrate within the impact zone 
~ 5 1 .  

4.2. Carbon deposition 

Under the same conditions used for the deposition of tungsten, carbon was observed by 
SEM images to be deposited at a greater rate. AES analysis indicated that the surface 
deposit consisted entirely of carbon. At a depth of approximately 12 nm, the composition 
of the bulk material were found in to be 68 at.% for carbon and 32 at.% for gallium. 
Thisisin relatively good agreement with the previousobservationof Heard andPrewett 
[I61 and suggests that gallium ions are absent from sites of recent deposition. This may 
be caused either by implantation of gallium to a greater depth than was seen in the 
tungsten deposits or by the continuation of carbon deposition after the termination of 
bombardment by the gallium ion beam. 

The absence of an aromatic type carbon signal in the XPS spectrum recorded from 
the deposited material, suggests that the total decomposition of the aromatic ring has 
occurred and the low O/C ratio recorded implies the removal of oxygen from the 
compound. 

The following bonding mechanism may be proposed for ion-assisted deposition of 
an oxygen containing aromatic hydrocarbon onto silicon. The cleavage of an Si-0 bond 
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by a gallium ion, produces Si radical bonds which may bond with an incident vapour 
molecule. Bond formation with the substrate probably occurs via the vinyl or oxygen of 
the aromatic hydrocarbon, though the former may be favoured since bonding through 
the vinyl group would encourage delocalization of the unpaired electron, thereby sta- 
bilizing the resulting structure. Subsequent film formation may take several paths, but 
three processes must occur. These include the opening of the aromatic ring, together 
with crosslinking and subsequent removal of oxygen. The final carbon deposit takes a 
graphitic form although there is some evidence for the presence ofcarbonyl and carbide 
species as contaminants. 

Gallium was found to be incorporated within the deposits investigated. Its presence 
appears to depend on the density of the layer under investigation. Thus, tungsten 
deposits contained approximately 15 at. % gallium, whilst carbon deposits were found 
to have incorporated 35 at. % gallium in the Layers. This observation would be expected 
to be a consequence of several factors, including the decomposition of the vapour in the 
ion beam. the rate of removal of the surface through sputtering by the incident beam 
and the possible chemical interaction between thesurface components and the implanted 
gallium. This element has for example been found in association with the C ;  cluster on 
metal surfaces 1171. 

D W K Jenkins ef a1 

5. Conclusions 

Ion-beam assisted deposition processes are similar for both organic and inorganic 
vapours. Both require the breakage and formation of chemical bonds. The deposition 
of tungsten, it is suggested, requires high surface temperatures for bonding to occur. 
Thisislikely to result in the formation at the interfacialregionofastablesilicidecomplex 
of W,Si,. The process of carbon deposition probably occurs by free-radical formation 
and covalent bonding of organic molecules to the surface, leading to a faster deposition 
rate and rapid surface reconstruction. 
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