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Low-Temperature (400oC) W-Silicide Formation
by High-Energy Xe+-Ion Beam lrradiation
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3-1, Morinosato Waleamiya, Atsugi'shi, Kanagawa-ken, 213-01, Japan

Uniform and stoichiometric WSi2 layers can be formed by high-energy Xe* irra-
diation into both W-deposited and high-dose W+-implanted samples at 400oC. The

formation of these silicides was studied by Rutherford backscattering spectroscopy and

cross-sectional transmission electron microscopy. The interface and the surface of WSi2

layers are much smoother and abrupter than those of thermally formed W-silicide lay-

ers. For low-dose W+-implanted samples, crowding of W atoms to the surface was

induced by Xe+ irradiation. This indicates the feasibility of forming nm-order-thick
W-silicide by combining low-energy W+-implantation and subsequent high-energy Xe+

irradiation.

I. INTRODUCTION
High-energy heavy-ion-beam irradiation (HHBI)

is a powerful technique for surface modification at
low temperatures. For example, an amorphous Si

layer on a crystalline Si substrate can be crystal-
lized epitaxially by HHBI at a temperature as low
as 300"C [1]. In addition, HHBI is characterized by
its high uniformity and controllability. Therefore,
it is expected that nm-order-thick compounds can
be formed by adopting the HHBI technique. How.
ever, there are few reports on compound formation
by HHBI at low temperatures [2-4]. In this paper,
we show, for the first time, W-silicide formation by
irradiating W-deposited Si wafers and W+-implanted
ones with 1-Mev Xe+ ions, and discuss the applicabil-
ity of high-energy Xe+ irradiation to nm-order-thick
W-silicide formation.

II. EXPERIMENTAL
Tungsten films about 20 nm thick were formed

by chemical vapor deposition on (100) Si wafers at
330"C. Then, a part of a wafer was irradiated through
a 2 x 2 crfi mask-window with l-MeV Xe+ ions to
a dose of 1x1015 cm-2 at 400oC. For thin W-silicide
formation, samples were also prepared by 30-keV W+
implantation at room temperature followed by l-MeV
Xe+ irradiation at 400oC. The dose was 1.9x1016 (low
dose) or 1.4x1017 cm-2 (high dose) for W+ implan-
tation, while it was varied from Zxl}ra to 5x1015
cm-2 for Xe+ irradiation. The W profiles and com-
positions of the formed compound layers were de-
termined by Rutherford backscattering spectroscopy
(RBS). Microstructures were observed with a cross-
sectional transmission electron microscope (XTEM).
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III. RESULTS AND DISCUSSION
First, we investigated W-silicide formation for W-

deposited samples. An abrupt and stoichiometric
WSi2 layer (23 nm) was formed near the W-Si in-
terface as a result of Xe+ irradiation at 400oC, as

evidenced by the RBS random spectrum (solid line)
shown in Fig. 1. The WSi2 layer was found to grow

further towards the surface with increasing Xe+ dose.

For comparison, some samples were subjected to ther-
mal annealing. As shown in Fig. 1, annealing at
700"C results only in diffusion of W atoms, and does

not lead to stoichiometric W-silicide formation. For a
sample annealed at 800"C, although the WSi2 phase

is created, Si-rich W-silicide is also formed and pen-

etrates deeper into the substrate.
Figure 2 shows XTEM micrographs of the same

samples in Fig. 1. Both the interface and the surface

of W-silicide formed by Xe+ irradiation are flat and
smooth, while those of W-silicide formed by thermal
annealing are irregular and rough.

From Figs. 1 and 2, it is clear that ion-beam-
induced W-silicide is superior to thermally formed
one in terms of reducing formation temperature, ob-

taining the stoichiometric phase, and smoothing the
interface and surface. Therefore, it is expected that
nm-order-thick W-silicide layers with an abrupt in-
terface can be formed by HHBI at low temperatures.

Next, we investigated W-silicide formation for
high-dose W-implanted samples. The dependence of
the W profile on the Xe+ dose is shown in Fig. 3

for the high-dose W+=implanted samples. The as-

implanted W profile is not gaussian but flat-top like
because sputtering occurs during low-energy high-
dose implantation, which was confirmed from highly
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resolved RBS random spectra obtained by the glanc-
ing angle RBS *:t_!gd (not shown h"rej. The con_
centration ratio of w to si in the as-implanted layer
is about 3 : 1. As in the case of W-deposited sam_
ples, the wsi2 layer grew toward the surface with in-
creasing_Xe+ dosel a 40-nm wsi2 layer formed with
a 1x 10rE cm-2 dose.

Figure 4 shows the number es1 of intermixed Si
atoms as a function of xe+ dose. For w+-implanted
samples, Qsi increases proportionally to Xe+ dose at
Xe+ doses below bx101a cm-2. Iio*"rr"r, esi be_
comes saturated at Xe+ doses above 7x10r4 cm-2
because all w atoms are consumed to form the wsi2
phase and further intermixing is suppressed. For W_
deposited samples on the other hurrd, esi is not sat_
urated because w atoms remain to be intermixed.
As seen from Fig. 4, before w-silicide formation be-
comes saturated, Qsi for W+-implanted samples is
1.5 times as large as Qst for W-deposited or"r. This
indicates that intermixing occurs more effectively for
W+-implanted samples than for W-deposited ones.

Finally, the possibility of the ,r--ord"._thick W_
silicide formation by HHBI was investigated for low-
{oj: W*-implanted samples. The depeirdence of the
RBS channeling spectrum on the Xei dose is shown
in Fig. 5. The w profile becomes narrower and shifts
towards the surface as Xe+ dose increases, which is
suitable fbr fabricating nm-order-thick w-silicide lav-
ers.When Xe+ dose is bx1015 cm-z, for example, tlie
full width at half maximum of the w profile reduced
from 17 nm to 14 nm, and the peak iosition of the
W profile shifted to the surface Uy f f nm (Fig. S(")).

W profile
---- as{VD
- I MeV, Xe*,400C

I x l01s cm-2
--- 700c th
-.. g00e th

a
a

a
a
I
a
a
a
a
a
I
a
I
a
I
a
a
I!/

W forming WSi2 
-

r\r
-.\\

t

,=r--==tt'-t::''1

.tl
'a

t
I
I
I

23i
a
a

a
a

surface t

Channel number
Figure 1. RBS random spectra of aZ} nm thick W

film on si substrate before and after Xe+ irradiation
and thermal annealing.
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Figure 3. RBS random spectra of the high_dose

W+-implanted samples before and after Xe+ Irradia-
tion.
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Figure 2. XTEM micrograph of the samples in
1.
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versus the Xe+ dose.

W profile
I MeV, Xe*,400C

- as-implanted
.--- 2X-101a cm-2

- 5x 101a cm-2.---7x1014cm-2

- lX1015cm-z

42nm WSi2

surface

W;silicide lgyer

surface

Fis.

626

atoms



At the same time, the W peak height increased as

a result of profile narrowing. However, in this case'

the W peak height did not reach a concentration high
enough to form the WSiz phase, since the W+ dose

was still insufficient. Incidentally, it is pointed out
here that amorphous Si layers formed by low-dose
W+ implantation are crystallized epitaxially for 19

nm by 2x1015 cm-2 Xe+ dose, and 22 nm by 5x1015

cm-2 dose at a temperature as low as 400"C (FiS.
5(b)).

Figure 6 shows XTEM micrographs for the same

samples in Fig. 5. In the W+-implanted sample not
subjected to Xe+ irradiation (FiS. 6(u)), the W+-
implanted layer is observed around 20 nm deep and

a heavily damaged region is formed deeper than 150

nm below the surface. Xe+ irradiation recrystallizes
this damaged region completely and forms a very thin
composite layer of W and Si near the surface (Fig.
6(b)).

Results in Fig. 5 indicate that WSi2 is not formed
under low-dose W+ implantation. However,, results in
Figs. 5 and 6 together with those for high-dose W+-
implantation suggest that nm-order-thick W-silicide
can be formed by low-energy W+-implantation with
an optimum W dose coupled with subsequent low-

temperature high-energy Xe+ -irradiation.

IV. CONCLUSION
We have studied forming W-silicide by l-MeV

Xe+ irradiation at 400oC. A stoichiometric WSi2

layer is formed by irradiating a W-deposited sample
with Xe+ ions. The interface and surface of WSi2

Iayer are much smoother and abrupter than those

of thermally formed W-silicide layers. When a W+-
implanted sample is irradiated with 1-MeV Xe+ ions,
a WSi2 layer is formed more effectively than for a
W-deposited sample; The number of Si atoms inter-
mixed with W atoms for the W+-implanted sample is

1.5 times as large as that for the W-deposited sample.

In addition, we showed the feasibility of forming nm-
order-thick W-silicide layers by combining low-energy
W+ implantation with subsequent HHBI.
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