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Abstract: CoSi2 gate MOS structures were formed by 20, 30, and 40 keV Si2+ Focused Ion 
Beam (FIB) irradiation to the 14/50 and 21 /75 nm Co/Si layers on 20 mii SiO2 films, and elec-
trical properties of the structures were investigated. The results of the C-V measurement show 
that the flat-band shift increases with increasing the irradiation damage in SiO2 films. The leak 
current was also investigated by the I-V measurement, and it is concluded that the leak current 
was caused by the irradiation damage in SiO2 films and the Si-rich layers near the silicide/SiO2 
interface formed by insufficient mixing of Co and Si atoms. In order to optimize the fabrication 

process of the CoSi2 gate MOS structures by the irradiation, the irradiation damage induced in 
SiO2 films should be minimized, and the sufficient energy should be deposited in Co/Si layers to 
induce the mixing of Co and Si atoms. For the 21/75 inn Co/Si sample irradiated with 40 keV 
Si2+ to 5x 1015 cm-2, the Fowler-Nordheirn tunneling current was observed, and flat-band shift 
was 1.6 V. 
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 1. Introduction 

 Recent years, there are VLSI chips with more 
than 1 G devices per chip, and the number of the 
devices will increase in the future. The increase 
contributes to improvement of the system perfor-
mance such as operation speed, power dissipation, 

and fabrication cost. However, the speed of the 
miniaturization of devices has been slowing down, 
owing to degradation of performance of the minia-
turized devices. In order to maintain the minia-
turization trend, some approaches are required to 
improve the miniaturized device performance. 

  CoSi2 is expected to be an alternative gate mate-
rial for the Si based devices, because of its low resis-
tivity and chemical and thermal stability. Many re-
searchers have investigated the formation methods 
of CoSi2. 1),2),3),4),5),6),7) One of the promising meth-

ods utilizes ion irradiation to the Co/Si stacked lay-
ers. Co and Si layers in unirradiated regions can 
be removed by an appropriate selective wet etching 
against the irradiated regions.5) If the ion irradia-
tion is performed selectively by Focused Ion beam 

(FIB), fine cobalt silicide structures can be formed 
without any mask processes.8 Although narrow fine 
structures of cobalt silicide can be obtained by this 

procedure, irradiation may cause some damage in
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the underlying layers. Although the creation of the 
damage is the serious problem in the device applica-
tion, especially to gate electrodes of MOS devices, 
the effects of the damage to the MOS devices have 

not been investigated. 
 In the present study, we formed the CoSi2 gate 

MOS structures by irradiation to the Co/Si/Si02/Si 
structures, and irradiation effects to the MOS prop-
erties were evaluated. The relation between irradia-

tion condition and the MOS properties is discussed, 
and the guideline for the optimized process condi-
tion is proposed. 

 2. Experimental Procedure 

 In the experiment, P-doped 7t-type CZ-Si(100) 
wafers with 8-12 SZ cm were used. The wafers were 
cut into the chips about 5 x 10 mm. These chips 
were chemically cleaned by the standard RCA pro-
cedure. Immediately after the cleaning, the clops 
were loaded into the oxidation furnace. Dry oxida-

tion was performed at 900 °C for 75 min with 02 
flow rate of 500 seem. SiO2 films with 20 nni thick-
ness were formed on the substrates. After the ox-
idation, the chips were transferred into the molec-
ular beam evaporation chamber equipped with the 

K-cells. Si and Co were sequentially deposited on 
SiO2 films at room temperature in a vacuum below 
5x 10--8 Torr. The Co/Si layer thickness was 14/50 
and 21/75 mn. The ratio of the thickness corre-

sponded to the atomic ratio of Co:Si=1:2. The sam-



Fig.1 Energy deposition rate for 20, 30, and  40  keV 

      Si2+ irradiation to 14/50/20 nm Co/Si/Si02 
      layers on Si calculated using the sun/196 code.

Fig.3 C-V curves for samples irradiated with 40 keV 
      Si2+ ions to doses between 2x1014  and 

2x1015  cm-2 at room temperature. The Co/Si 
      layer thickness is 14/50 nm.

 Fig.2 Schematic of the CoSi2 gate MOS structures. 
        The gate area is 100x 100 pm square. 

ples were selectively irradiated in the 100 x 100 ,um 
square with Si2+ FIB to doses between 2 x10'4 and 
5 x 101s cm-2 at room temperature. 

 The irradiation energies were 20, 30, and 40 keV. 

Energy deposition by 40 keV irradiation is the max-
imum at 14/50 ruin Co/Si interface as shown in 
Fig. 1. After the irradiation, unreacted Co layers 
remaining on the surface were removed by dipping 
the samples into the solution of HNO3:H202=1:3 
for 30 s, and unreacted Si layers were removed with 

H3PO4 at 160 °C for several minutes. After the 
etching, the samples were heat treated at 700 °C for 
20 min, in order to convert the irradiated regions 
into CoSi2.9) Al electrodes for the ohmic contact 
were formed on the backside of the samples. Fig-

ure 2 shows the schematic of the MOS structures 
formed by the present method. Electrical proper-
ties of the MOS structures were evaluated by the 
C-V and the I-V measurements. 

 3. Results and Discussion 

 The C-V curves for the 14/50 nm Co/Si samples 
irradiated with 40 keV Si2+ ions to various doses at 
room temperature are shown in Fig. 3. The differ-

Fig.4 C-V curves for samples irradiated with 20 keV 

Si2+ ions to doses between 2 x1014 and 
2x1015  cm-2 at room temperature. The Co/Si 

      layer thickness is 14/50 nrn.

ence in the shape of the C-V curves from that for the 
ideal curve increases with increasing the dose, and 
the flat-band shift also increases with increasing the 
dose. Thus, it is suggested that the irradiation dam-

age induces charged traps in the Si02 films, and the 
amount of the traps increases with the dose. More-
over, the gradient of the curves at the frat-band 
voltage decreases with increasing the dose. The 
decrease can be attributed to the increase of the 

Si02/Si interface states. Thus, it can be concluded 
that the irradiation induces the Si02/Si interface 
states and the charged traps in the Si02 films, and 
they increase with increasing the dose. The dose of 
2x 1014 cm-2 corresponded to the minimum value



Fig.5 Dose dependence (a) and energy dependence (b) 
      of flat-band shift for samples with 14/50  nrn 
      Co/Si layers.

to obtain the etching selectivity in the present pro-
cess, and the mixed layers irradiated with a dose 
less than 2x 1014 cm-2 were etched out during the 
etching of the unreacted Si. While the irradiation 

damage can be decreased by decreasing the dose, 
the irradiation over the minimum dose is necessary 
to perform the selective etching. 

 Figure 4 shows the C-V curves for the 14/50 nm 
Co/Si samples irradiated with 20 keV ions to var-

ious doses at room temperature. The curves show 
the similar trend to those for the 40 keV irradiation, 
shown in Fig. 3. With increasing the dose, the flat-
band shift increases, and the gradient of the curves 
at the flat-band voltage decreases. However, the in-

crease in the flat-band shift and the decrease in the 

gradient is rather small compared with that for the 
irradiation at 40 keV. The energy deposition at the 
SiO2 films by a 20 keV Si2+ ion is smaller by about 2 
order of magnitude than that by a 40 keV Si2+ ion, 
as shown in Fig. 1, and thus, the energy depen-

dence of the C-V curves is caused by the difference 
in the energy deposition.

Fig.6 Dose dependence of flat-band shift for samples 

      irradiated with 20 and 40 keV Si2+ ions. The 
      thickness of Co/Si layers is 21/75 nm.

 The dose dependence and the energy dependence 

of the flat-band shift are shown in Figs. 5(a) and 
5(b), respectively. The flat-band shift increases 
with increasing the dose and the irradiation energy. 
The solid lines in Fig. 5(a) show the results of least-
square fit of the experimental data to the equation 

for a power law, 

OVFB = ANb, (1) 

where OVF is the flat-band shift, N the dose, and 

A and b fitting parameters. The parameter b cor-
responds to the reaction order. The fit of the data 
to the curves is good for all irradiation energies. A 
similar power law dependence of the flat-band shift 
on the dose has been reported by Kim et al. for 

SiO2 films irradiated with electron beams,10) and 
it is suggested that the same process governs the 
dynamics of the damage formation during the irra-
diation with ions and electrons. 

 From these results, it is found that the damages in 
the SiO2 layers should be decreased to suppress the 

degradation of SiO2 layers, and the irradiation with 
lower energy and lower dose, but sufficient to obtain 
the etching selectivity, is required. Another promis-
ing approach to reduce the damage in the SiO2 films 
is the use of more thick Co/Si layers. Thus, we next 

performed the irradiation to the 21/75 rim Co/Si 
layers and evaluated the electrical properties. 

 Figure 6 shows the dose dependence of the flat-
band shift for samples with 20 and 40 keV Si2+ 
ions. The flat-band shift for samples irradiated 
with 40 keV ions is quite small compared with the 
14/50 rim Co/Si layer samples irradiated with the



Fig.7  1-E curves for samples irradiated with 40 keV (a) and 20 keV (b) Si2+ ions to doses between 2 x 1014 and 2 x1015 cm —2 

       at room temperature. The (,'o/Si thickness is 14/5011m.

Fig.8 1-E curves for samples irradiated with 40 keV (a) and 20 keV (b) Si2+ ions to the dose between 2 x 1014 and 
5x 1015 cm — z at room temperature. The Co/Si layer thickness is 21/75nrn.

sanie energy. The dose dependence of the flat-band 
shift also obeys the power law. The SHIM simula-
tion showed that the energy deposition in the SiO2 
films of the 21 /75 inn Co/Si layers was lower than 
that of the 14/50 inn Co/Si layers by 2 orders of 
magnitude. 

 On the other hand, the flat-hand shift for sam-

ples irradiated with 20 keV shows large deviation 
from the power law. The leak current for the sam-

ples was large as described later, and the reason for 
the deviation will be discussed later. 

The 1-E characteristics for samples irradiated 

with 40 and 20 keV Si2+ ions are shown in 

Figs. 7(a) and 7(b), respectively. The thickness 
of Co/Si layers was 14/50 um. For the samples irra-

diated with 40 keV ions shown in Fig. 7(a), large 
leak current is observed. The leak current can be 
classified into three groups, i.e., the leak current 
observed at electric field ranging from 1 to 3MV 
cm 1, that from 4 to 7 MV cm-1, and that from 
7 to 10 MV cm-1. The leak current at the elec-

tric field above 7 MV cm--1 is significant for sam-

ples with lower doses. From the Fowler-Nordheim 

plots of the data at the electric field 7-10 MV cm-1, 
it was found that only the sample irradiated with 

2 x 1015 cm-2 showed the Fowler-Nordheim tunnel-

ing characteristics. 

 The samples irradiated at 20 keV in Fig. 7(b) 
show the smaller leak current at 4 7 MV cm-1- than 
that for samples irradiated at 40 keV. This decrease 
in the leak current is due to the reduction of the 

damage in the SiO2 films caused by the decrease of 
the irradiation energy. However, the leak current 
at the electric field 7-10 MV cm-1 is larger, and 
no samples showed the Fowler-Nordheim tunneling 
characteristics. In order to clarify the reason for the 

increase in the leak current at 7-10 MV cm-r, the 
statistical investigation with more samples will be 
needed. 
  The I-E characteristics for samples with 
21/75 nrn Co/Si layers have been also investigated. 

Figures 8(a) and 8(b) show the results for the 
samples irradiated with 40 and 20 keV ions, respec-
tively. For both irradiation energies, the leak cur-



rent at the electric field 4 7 MV  cm-1 is smaller 

compared with that for samples with 14/50 nm 
Co/Si layers. Moreover, the current for the samples 
irradiated at 40 keV with doses above 1 x101' cm-2 
showed the Fowler-Nordheim tunneling character-
istics. This suggests that the damage introduced 
in the SiO2 films has been significantly reduced by 

increasing the layer thickness. On the other hand, 
the breakdown voltage for samples irradiated with 
2x 1014 and 5 x 1014 cm-2 decreased to less than 
8 MV cm-1. For the samples irradiated at 20 keV, 
the leak current is larger than that at 40 keV , and 

only the sample irradiated with 5x 1015 cm-2 indi-
cated the Fowler-Nordheim tunneling characteris-
tics. 
  These results show that the SiO2 layers degrade 
with decreasing the dose below 5 x 1014 crn2, which 

can be explained as follows. If the mixing of Co and 
Si atoms is not sufficient, excess Si atoms exist in 
the silicide region near the silicide/SiO2 interface. It 
is reported that excess Si atoms in CoSi2 layers de-

grade the electrical properties of the SiO2 films.11) 
Thus, we speculate that the degradation of SiO2 
films observed for samples with smaller dose is due 
to the excess Si atom regions on the SiO2 fihns. 

  In order to optimize the formation process of the 
CoSi2 gate MOS structures by ion irradiation, the 

irradiation conditions have to be selected to mini-
mize the induced damages in SiO2 films and simul-
taneously to maximize the mixing efficiency of Co 
and Si atoms. 

 4. Conclusion 

 The CoSi2 gate MOS structures were formed by 
the ion irradiation to the Co/Si layers on SiO2 
films, and the relation between the MOS proper-
ties and the irradiation conditions has been inves-
tigated. The irradiation was performed with 20, 30 
and 40 keV Si2+ FIB to doses ranging from 2x 1014 

to 5x 1015 cm-2 at room temperature. After the 
selective etching, the silicidation of the irradiated 
regions was induced by heat treatment at 700 °C 
for 20 min. 

The result of the C-V measurement showed that 
the flat-band shift increased with increasing the 
dose and the irradiation energy, and it decreased 
with increasing the Co/Si layer thickness. This 
trend is explained by the amount of the damage 
in SiO2 films induced by the irradiation. The dose 

dependence of the flat-band shift obeys the power

law. 
The I-V measurement for the samples was per-

formed, and the leak current was investigated. For 
the 21/75 urn Co/Si samples irradiated with doses 
above 1 X1015 cm-2, the leak current at the electric 

field 4 7 MV cln t was smaller compared with that 
for the 14/5011111 Co/Si samples, and the Fowler-
Nordheim tunneling current was observed. How-
ever, for the 21/75  11111 samples irradiated with doses 
below 5x 1014 cm -2, the breakdown field was less 

than 8 MV c111-1. The smaller breakdown field has 
been attributed to the excess Si atoms in the silicide 
layers near the silicide/SiO2 interface. 

 In order to optimize the formation process of the 
CoSi2 gate MOS structures using ion irradiation, 

the irradiation conditions have to satisfy the next 
two requirements: (I) irradiation damages induced 
in SiO2 layers should be minimized, and (II) suf-
ficient energy should be deposited in Co/Si layers 
to induce the mixing of Co and Si atoms. For 

the 21/75 inn Co/Si sample irradiated with 40 keV 
Si2+ to 5x 1015 can 2, the Fowler-Nordheimn tunnel-
ing current was observed, and flat-band shift was 
1.6V and minimum under the present experimented 
conditions. 
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