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level involved in the soft x-ray emission
has little wave number dependen...1)

A transitiorFmetal-silicid.e is one of
the most important materials used jn semi-
conductor devices and has long attracted
attention for its characteristics, €.g.e its
refractory nature and its electrical con-
ductivity.2, 3) In spite of the difference
in their nature, such as lattice constant,
between a grown material and Si, the epita-
xial growth of a material on a Si substrate
has successfu'l'ly been reported in several
systems, €.9.1 NiSi2 on Si single crystal.

Considering the situation that a non-
destructive characterization method will
play important roles in the course of elec-
tronic device fabricat.ion, we have been
studying a .Si-compound(thtn fi lm)/Si(sub
strate) system using
electron excitation.

the SXS method w'ith an

In this work, eJectro-
ni c and structural properti es are stud-ied
for transition-metal-si I i ci de/Si contacts,
where a non-destructi ve depth prof .i1ing is
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A non-destructive surface and interface structure analysis is successfully
carried out us'ing soft x-ray spectroscopy(SXS) method for a very-th'in-1ayer
/Si(substrate) hetero-contact contact system. The method is based on the fact
that the Si-Lt a Vdlence band SXS spectrum of a Si-compound shows a clear
difference fr'o'm"that of Si crystal. Also is utilized the fact that a soft
x-ray production depth increases with increasing an incident electron energy.
Valence band electronic structure is also d'iscussed.

l. Introduct'ion
The increment of the integration of

electronic devices has made the packing
density increased, which, in turn, requires
preparation of very thin layers with enough

precision, where hetero-interfaces must also
be fabricated in a well controlled manner.

This can be accomplished with having a pro-
per analytical tool which is able to ex-
plore, hopefully non-destructively, the com-

positional and/or the electronic structure.
ldhen energetic electrons are i mpi ngi ng

onto a material, photons are emitted to give
'informations on either electronic or struc-
tural properties. Among wide varieties of
photon emissions, soft x-ray spectroscopy
(SXS) is a powerfu,l tool to have informat'ion
of electronic structure of materials, where

the photon energy is less than tu1 keV. One

excel I ent characteri sti c of SXS i s the
fact that the method is especial'ly suitable
for the determi nation of the electron'ic
structure of valence band, because a core
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carried out utilizing an energy dependence

of an x-ray production depth of an energetic
el ectron i n a sol id.4' 5)

2. Experimental

Transition metal/Si contacts were pre-
pared by a solid phase epitaxy. First,
transition metall €,g.s Ni, film with th'ick-
ness of 10-100 nm was depos'ited on a Si

substrate. Then the speci men was heat

treated in an electric furnace under N2 + H2

gas flow at an appropriate temperature,
e.9., about 800oC for the case of a thick
film epitax'ia1 growth of NiSi Z on Si sub-

strate. Growth of a s'ilicide w'ith an expec-

ted composition and/or a crystal structure
was ascertained by an x-ray diffraction and

an XMA (x-ray m'icroana'lysis).

SXS experiments were carried out in a

vacuum chamber with an x-ray tube and an

x-ray spectrometer in an ambient pressure of

- 10-6 Pa during analysjs, where the latter
was connected through a fine slit. The

width of the slit could be varied and was

kept 30 pm in the present study. Specimens

to be analyzed were put on the Henke-type

x-ray tube which was used to prevent the
specimen on the anode from contam'ination to
be gi ven by a tungsten f i I ament, i.e., ,an

electron source. Either the incident angle

of the electron beam or the take-off angle

of emitted x rays was at 90o to the spec'i-
men surface. Energies of incident electrons,
E^, were varied between 0.85 and 4 keV. The

P

electron flux was ^,1 mA on a region of ry

0.3 cm2. Specimens were kept at room tem-
perature by water coo'l i ng. Soft x-ray
emission spectra were obtained w'ith a graz-

ing incidence spectrometer, where a grating
with a radius.of 2 m and 1200 grooves/mm was

used. An energy resolution of the spectro-
meter is better than 0.6 eV. Details of the

SXS experiments are given else*here.6)

3. Results and Discussion

Si-L2,3 soft x-ray emission band spec-

tra are shown in Fig. 1 for a NiSiZ single
crystal at different primary electron ener-
gies, Ep'r. It should be noted that the Si

LZ,3 spectrum reflects a valence band densi-
ty of state(D0s) with s- and d-symmetry due

to the selection rule for an electron tran-
sition to induce a photon emission. The

spectra of Fig. t have following character-
ist'ics: Both of them are almost the same in
spectral shapes except for details. Each

spectrum is composed of a broad peak at -91
€V, a terrace at 94-98 eV and a sharp peak

at ^, 100 eV. The peak at ,100 eV is con-
structed by two peaks separated by 0.6 eV.

The strong and sharp peak at -,100 eV can be

concluded to correspond to the valence band

DOS (density of state) with s- or d-symmetry

from the d'i scussion ubou".7) Indeed, the
signal is due to the Si-Ni bond formation,
because such a s'igna1 cannot be seen i n the
spectrum for a Si s'ingle crystal as will be
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Fig. 1 Si L2 1 soft x-ray
em'i ssion band'Spectra for a
NiSi2 single crystal at E^ = 4
(a) a-nd 2 keV (b). Y
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shown below.

Spectra for a Si single crystal is
shown in Fig. 2 at d'ifferent EO'r. In this
case, features to be noted are as follows:
Spectra for d'ifferent EO'r are almost iden-

tical. Each spectrum has a peak at -89 eV,

the one at -92 eV and a shoulder at ry96
eV. At a glance, it is clear that there is
a very big difference between the spectra of
Fig. 1 and those of Fig. 2. Differences to
be noted at least 'is spectral shapes at ^,90
eV and at - 100 eV. The former is broad one

in NjSiZ single crystal and double peaked

one i n Si si ng'le crystal. The spectral
shape of Ni S'i2 at - I00 eV i s sharp and

double peaked with an energy separation of,
0.6 eV, and is structureless in the one of
Si s'ing1e crystal. Such kind of clear dif-
ferences in S'i-signal are hard to be seen in
other electron spectroscopies which can give

information about the electronic structure
of Si, such as the conventional first deri-
vative spectra, dN(E)/dE, of the Si(LVV)

Auger signal. Although a careful examination

of Auger spectra yields differences among

the spectra, we cannot tune the sampling
depth in the Auger experiment, because the
kinetic energy (Et) of a given Auger elec-
tron is almost constant, e.9., the Si(LVV)

Auger signal is at Ek -90 eV, which 'is

i ndependent of EO's.

These characteristics of the SXS spec-

tra, in combination with energetic electrons
as a source of excitat'ion of photons, can be

used for a non-destructive analys'is of Si-
compound(thi n fi 1 m)/Si lsubstrate) contact
systems as has been proposed prev'iously.8)
At Eo

an energet'ic electron increases with in-
creas i ng ED to reach deep i ns i de of a

sol i d.4,5) 'tf,.refore, 
the depth probed i n

this experiment can be tuned by selecting
simply proper electron energy.

An Ep dependence of the Si 12,3 emis-
sion band spectrum of a NiSi 2/Si(111) speci-
men is as follows. At Ep = 0.85 keV, the
spectrum is considered to be almost the same

as the one of NiSiZ single crystal. Then

the intensity of the soft X-ray emission
band spectrum becomes to have an 'increased

contri but'ion of the I ower ( - 89 eV) and

the higher (-92 eV) energy components with
increasing Ep. In the same manner, the sharp

peak at -.|00 eV becomes less clear with
increasing Ep. Finally at Ep = 4 keV, the
Si-L2,3 soft x-ray emission band spectrum
becomes quite similar to the one of pure Si

crystal, which is considered to corres-
pond to the signa'l mainly from the substrate
Si(111). At intermediate EO't, Si-12,3 spec-

tra look like a mixture of the one of NiSiz
single crystal and that of crystalline Si.
Features of an SXS spectrum of a NiSiZ/
Si ( 1 1 1 ) speci men at an 'i nc'ident el ectron
energy(EO) of 2 keV, for example, are as

fol lows: The signal at -90 eV i s double
peaked, where the energy separation between

d
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Fig. 2 Si L2 1 soft x-ray
em i ss i on band l'p"ectra for a S'i
single crystal at EO = 4 (a)
and 1 keV (b).
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the two peaks is less than that of a Si

sing'le crystal. The line at -100 eV is
less intense compared with that of a NiSiz
sing'le crystal.9)

Next, w€ have tried to get composed

spectra by superposing the experimental
spectrum of a Si single crysta'l to that of
a NiSiZ single crystal, where experimental

spectra are those at Ep = 4 keV of F'igs. 1

and 2. The superposition is carried out by

changing x-value 'in (1-x)NiSi2 + xSi. Al-
though there is a llttle change 'in spectral
shape in the bulk NiSiz single crystal with
Ep, the spectral features of the Si-12,3
em i ss'ion band at * 90 and ., 1 00 eV are

almost unchanged at different EO'r. The

feature to be noted is the fact that Si-12,3

spectra have a broad and a single-peaked-
structure at a,$'l eV and a sharp peak at -
100 eV, see Fig. 1,'even when Ep is changed

between 0.85 and 4 keV. 0n the other hand,

the spectrum of crystalline Si has a double-
peaked-structure at i'90 eV, i.€,, *89 and

'^,92 €V, and no peak at - 100 eV at every
Ep(0.85 - 4 keV) adopted, e.9., Fig. 2.

Therefore, this kind of spectrum composition

can be expected to give an structural infor-
mat'ion for the NiSiZ/Si(111) specimen stu-
d'ied wi th the he'lp of an x-ray production
depth of an energeti c e I ectrons i n sol 'id

materi al s.

5. Summary

It should be emphasized that the new

application of the SXS method is very power-

ful to examine an ultra-thin-film(. several

tens of nm)/substrate contact system without
adopting any destructive tool. In the pre-

sent case, we have successfu'l1y separated a

s i gna'l due to Si-atoms i n the surf ace Si-
compound region from that of the Si sub-

strate. Also, we can clarify the chemical
bond'i ng state of an element in a film stu-

d'ied using soft x-ray spectra.
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