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New York 10.598 

(Received 23 September 1991; accepted for publication 18 December 1991) 

We demonstrate almost 100% selective sputtering of silicon from TiSi, using a combination 
of low energy ion bombardment and elevated temperature. TiSi, was prepared by 
annealing lOOO-A-thick Ti on ( 1OO)Si in He at 635 “C! for 30 min to produce 2300-A thick 
TiS&. Ion beam etching was carried out using 300 eV argon with a flux of 0.27 mA/cm” 
at temperatures from 33 to 700 “C. In situ sheet resistance measurements were used to monitor 
the decrease in silicide thickness as a function of time. Near room temperature, ion 
etching causes normal sputtering of the silicide. However, at temperatures of 500-700 “C, the 
sheet resistance remains almost unchanged during ion beam etching. Analysis by 
Rutherford backscattering, with and without Xe markers, shows that Si atoms sputtered from 
the surface of these high-temperature samples are continuously replaced by Si diffusing 
from beneath the silicide layer. The thickness and composition of the silicide remain almost 
unchanged, but the dramatic change in sputtering behavior shows that the surface is 
enriched in Si. Compared with the room-temperature values, the absolute sputtering yield of 
Ti at 500-700 “C is decreased by a factor of 5, and the yield of Si is increased by a 
factor of 2. The net result is almost 100% selective sputtering of silicon. 

The sputtering yield of a single-element material is ap- 
proximately independent of temperature up to the melting 
point.’ Also, for alloys and compounds, the sputtering 
yields do not strongly depend on temperature unless diffu- 
sion occurs during ion bombardment. The diffusion of one 
constituent towards the surface has been shown to cause 
preferential sputtering in alloys of Ni-Agz and Cu-Ni,3 and 
in compounds PtSi, MoSiz, and NiSi.4 In these cases, dif- 
fusion during ion etching establishes composition gradients 
up to several micrometers deep, determined by the temper- 
ature and preferential sputtering yields. Bilayers of 
Ni/Ni& have also been shown to develop highly prefer- 
ential sputtering.5 In this letter, we describe a related effect 
in the sputtering of TiSi, at elevated temperature, in which 
highly selective sputtering of Si develops in a thin layer of 
TiSi, on bulk Si. Near room temperature, normal sputter- 
ing of both Ti and Si atoms occurs, causing removal of the 
silicide layer. At temperatures of 500-700 “C!, however, we 
show that Si atoms removed by sputtering are replaced in 
a steady-state process by Si diffusing to the surface from 
beneath the silicide layer. Since the supply of Si atoms is 
not depleted, almost 100% selective sputtering of Si is 
achieved. 

TiSi, was formed by evaporating 1000 A Ti onto BHF- 
cleaned undoped ( 1OO)Si and annealing in He at 635 “C for 
30 min. This treatment gives a thickness of 2300 %, TiSi, 
with a resistivity of 45-65 ~0 cm. X-ray diffraction shows 
the film to be primarily C49 TiSi,, with a small fraction of 
C54 phase.’ Ion bombardment was provided by a 
Kaufman source operating in 2X 10m4 Torr (2.7X 10m2 
Pa) Ar at an ion energy of 300 eV and flux of 0.27 
mA/cm”. The system base pressure was typically 
1.0~ lo-’ Torr (1.3X lop5 Pa). Samples were mounted 
on a resistively heated MO holder, with a chromel-alumel 
thermocouple touching the sample. The temperature was 
stabilized at 33-700 “C during ion bombardment for times 

up to 25 min. During ion etching, the sheet resistance was 
monitored by four tungsten probes. The etched step 
heights were measured by a profilometer, and the compo- 
sition, structure and thickness of the TiSi2 layer were de- 
termined by Rutherford backscattering (RBS) and x-ray 
diffraction. The identity of the dominant moving species 
was established by Xe marker experiments. 

The dependence of sheet conductance on ion etching 
time is shown in Fig. 1 for sample temperatures of 33- 
700°C. The values are normalized to the sheet conduc- 
tance prior to ion etching. At the two highest temperatures 
(600 and 700 “C), the resistance of the Si substrate became 
too low for accurate measurements of the silicide resis- 
tance. For these measurements, room-temperature sheet 
resistance readings were taken between sequential expo- 
sures to ion etching at high temperature. After an initial 
decrease due to sample heating, the linear decrease in con- 
ductance for the 33 “C! sample reflects the linear decrease in 
silicide thickness caused by a steady sputtering rate. The 
silicide is completely sputtered away after 25 min as shown 
by the lowest curve in Fig. 1. As the temperature is in- 
creased to 500-700 C, the sheet resistance becomes almost 
independent of etching time, indicating that the silicide 
thickness is not being reduced by sputter etching. RBS 
analysis was made on samples from Fig. 1 etched for 5, 10, 
and 15 min, the latter shown in Fig. 2. These spectra con- 
firm loss of silicide thickness in the lower temperature sam- 
ples (33 and 400 “C!) and decreased loss in the 500 “C! sam- 
ple. The silicide thickness remains almost unchanged in the 
higher temperature samples (600 and 700 “C) . X-ray dif- 
fraction indicates a slight increase in the fraction of C54 
TiSi, in the 600 and 700 “C samples, as expected from the 
onset of thermal transformation to the lower resistivity 
phase.&’ Some contamination of the TiSi, surface by up to 
several monolayers W (Fig. 2) came from sputtering of the 
W probes, but was not found to affect the etching process. 
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FIG. 1. Normalized sheet conductance vs time for 2300 A thick TiSi, on 
Si, during Ar + ion beam etching (300 eV, 0.27 mA/cm”) at temperatures 
of 33-700 ‘C. 

To verify that ion etching actually occurred in the 
higher temperature samples, step height measurements 
(Fig. 3, solid line) were made relative to adjacent masked 
areas. The step height obtained at 33 “C! after 15 min ion 
etching is 1000 A, corresponding to an etch rate of 67 
urnin. The RBS and sheet conductance results indicated 
a higher etch rate of 90-100 ii/min. Since the step height 
measurement indicated some surface roughness, the higher 
value of 90 omin will be used for comparison. At higher 
temperatures, the step height increased to 2500 & corre- 
sponding to an etch rate of 167 A/min. 

Summarizing these results, ion etching at 33 “C pro- 
duces the expected loss of thickness of the TiSi, layer by 
sputtering of both Ti and Si atoms. At temperatures of 
500-700 OC, however, the silicide thickness remains almost 
constant during ion etching. The thickness of material ac- 
tually removed is increased to twice the value at 33 “C 
(Fig. 3). Since the Ti RBS peak area remains almost un- 
changed in the high-temperature samples, it is clear that 
the removed material is almost entirely Si. Two mecha- 
nisms could account for this behavior. Either Ti atoms are 
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FIG. 2. Rutherford backscattering spectra of TiSiz films on Si (shown in 
Fig. 1) after 15 min Ar+ ion beam etching at temperatures of 33-700°C. 
The spectra of nonetched samples and those etched at 600 and 700 “C are 
indistinguishable. 
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FIG. 3. Step heights of ion etched surfaces of TiSi, after 15 min ion beam 
etching, as a function of temperature from 33 to 700 “C. The height de- 
termined from RBS measurement at 33 “C is shown as an added data 
point. The dotted curve shows the ratio of diffusion length to sputtered 
thickness in 1 s for Si diffusing through TiSi,. 

diffusing away from the surface towards the underlying Si, 
or Si atoms are diffusing towards the surface and replacing 
sputtered Si atoms. During ion etching, the surface is re- 
ceding about a = 3 A in one second. From Raaijmakers,’ 
we estimate lower limits for the Si diffusion length din one 
second to be 1 A at 400 “C, 3.4 w at 500 “C!, 14 8, at 600 “C, 
and over 60 A at 700 “C!. The ratio d/a, shown in Fig. 3 as 
a dotted line, rises sharply in the temperature range of 
400-600 ‘YZ, indicating that Si diffusion dominates .over 
sputter removal at high temperature. 

To confirm that Si is the dominant moving species, 
samples of the same TiSi, thickness were implanted with 
2X 10” Xe+ + ions/cm* at 180 keV with a projected 
range of 1000 A to provide a marker within the silicide. 
These samples were ion etched at temperatures of 33, 400, 
500, 600, and 700 “C for times of 5, 10, and 15 min each. 
Argon ion bombardment at 33 “C for 15 min caused sput- 
ter etching of the TiSi2 layer and partial removal of the Xe 
marker by sputtering. However, the remaining Xe did not 
move relative to the underlying TiSi,/Si interface. At 
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FIG. 4. Rutherford backscattering spectra of Xe-implanted TiSi, on Si 
after ion beam etching for 5, 10, and 15 min at 600 “C. The region show- 
ing the Xe marker is magnified by 10. 
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FIG. 5. Absolute sputtering yields of Ti and Si vs temperature for 300 eV 
Ar + ion bombardment of 2300-A thick TiSi, layer on Si. The Ti yield is 
from Ti sputtered from TiSi,. The Si yield shown as the component 
sputtered from TiSi,, the component supplied by diffusion, and the total 
Si yield. 

600 “C, argon ion etching caused far less thinning of TiSi,. 
The spectra measured after 5, 10, and 15 min etching (Fig. 
4) show that the Xe marker is intact, and remains fixed 
relative to the TiSi,/Si interface remained unchanged. This 
confirms that Si atoms diffuse to the surface from beneath 
the silicide layer during elevated temperature ion etching. 

The values of sputtering yield change dramatically 
with increasing temperature (Fig. 5). We  discuss only the 
absolute sputtering yield, equal to the number of atoms 
removed per incident ion. Four curves are shown in Fig. 5, 
namely the Ti yield determined from RBS, the yield of Si in 
TiSi, (twice the Ti yield), the yield of Si diffused from 
below the silicide, and the total Si yield. Near room tem- 
perature (33 “C), the sputtering yields are 0.23 Ti atoms/ 
ion and 0.46 Si atoms/ion. For comparison, the s+gle el- 
ement yields are 0.35 atoms/ion for both pure Si and Ti.” 
At high temperature (600-700 “C), the Ti yield decreases 
to 0.04 Ti atoms/ion, while the Si yield increases to 0.85 Si 
atoms/ion. In this range, 95% of the sputtered flux is com- 
posed of Si atoms. Sublimation of Si or SiO is insignificant 
at these temperatures, since their vapor pressures are below 
IO-* Torr (1.3 x lop6 Pa). 

The high values of Si sputtering yield and near absence 
of Ti sputtering at high temperature indicate that the sur- 
face is enriched with Si, consistent with measurements of Si 
segregation. l1 If the surface is covered with at least one 
monolayer of Si atoms, we expect almost 100% selective 
sputtering of Si by 300 eV Ar + ions, for which sputtered 
atoms originate primarily in the top monolayer.” Also, the 
sputtering yield of this Si layer will be higher than in pure 
Si because of the higher mass of the underlying Ti atoms. 
To maintain the surface enrichment of Si during ion etch- 
ing, the diffusivity of Si through the TiSiz layer must be 
high enough to replenish the Si atoms which are lost by 
sputtering. As discussed above, this replenishment is pos- 
sible at temperatures of 500-700 “C!, for which the domi- 
nant diffusion path is along grain boundaries in the TiSi, 
layer.’ A schematic diagram of the sputtering process is 
shown in Fig. 6. For temperatures below 400 ‘C, the sili- 
tide layer is etched by normal sputtering. At high temper- 

t++ 

ArC 

TiSi 2 

< 400 c Si 

500-700 c 

TiSi2 

Si 

itt 

I 
I J 

FIG. 6. Schematic diagram indicating sputtering of TiSi, layer on Si at 
low temperature ( < 400 “C!) and at high temperature (50&700 “C). At 
high temperature, the TiSiz layer thickness remains almost unchanged. 

ature (500-700 “C), the thickness of the silicide layer re- 
mains almost unchanged during sputtering as it moves into 
the underlying silicon. 

To conclude, we have shown that ion etching of a layer 
of TiSi, on Si at elevated temperature is characterized by 
highly selective sputtering of Si. The combination of high 
Si diffusivity and low ion energy allows almost 100% se- 
lective removal of Si from the surface. This is a general 
mechanism for highly selective sputtering in multicompo- 
nent materials. 
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