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Room temperature interfacial intermixing reaction
between Au or Ni(film) and Si(substrate) was stud
ied as a function of metal-film thickness by AES,
ELS and LEED under slow deposition condition(0.1=
0,3 monolayer/min) at ultra high vacuum('v-5x10
Torr). Metal-film more than a critical thickness
(~2 monolayers) reacts intermixingly with Si-sub
strate to give rise to metallic alloy, where the
change in the electronic state of Si was clearly
observed in -d^N/dEj^^ spectrum of AES.

I. Introduction

Formation of metal/semiconductor(M/S) interfaces is crucial in
semiconductor device technology, e.g. the Schottky barrier forma
tion. It has been reported that when metal film('*'500A) such as A1,
Au auid so on, are vacuum evaporated onto clean surfaces of (cova-
lent) semiconductors with energy gaps(Eg's) less than ~2.5eV[or di
electric constants( e's) larger than '>'8], for example. Si, they re
act at the interfaces with each other and very thin alloyed layer
('<'20oA) is introduced readily even at room temperature [1 ]. In or
der to induce an instability in covalent bondings of semiconductors
to result in the intermixing reaction, a metal which have the abil
ity to screen Coulomb interaction due to its mobile free electrons
must play an important role[2]. In fact, non-metal films on these
semiconductors, for example, Ge(film) on Si(substrate), do not in
duce any interfacial intermixing reactions[3]. There is a proposal
on the origin of the low temperature interfacial intermixing reac
tion by considering the positive role of a metal[4]. In order to
study the origin of such an interfacial intermixing reaction at m/S
contacts, we investigated m/S systems under the controlled deposi
tion of a metal film onto a clean Si(lll) surface by Auger electron
spectroscopy(AES), low energy electron loss spectroscopy(ELS) and
low energy electron diffraction(LEED).

II. Experimental

Surfaces of phosphorus doped n-type Si(111) wafers with resistiv
ity of 6-9 ohm*cm were cleaned by flush heating at '>'1200°C under
ultra high vacuum(~2xlO~l® Torr). Contaminants on the surface(car-
bon in this case) were examined by AES to be less than 0.1% of sur
face Si atoms. The AES(dN/dEK and -d^N/dEK^j Ejc is the kinetic
energy of electrons), EL^(-d^N/dEK^) and LEED experiments were per
formed under slow deposition condition(0.1-0.3 monolayer/min) of a
metal onto clean Si(111) surfaces in ultra high vacuum[~5x10-10 Torr
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under Au(or Ni) deposition] at room temperature. Modulation voltage
for the differentiation was 0.8V(p-p). One monolayer of a metal film
was defined as one deposit atom per Si atom on the Si(lll) surface,
i.e. 7.9x10^'^ cm~^.

III. Results and Discussion
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Fig.l AES[(a)-(d) ] , dN/dEj^,
and ELS[(e)-(i)], -d^N/dE^",
spectra of a Au/Si specimen
with different Au-film
thickness

Figure 1 shows AES[(a)-(d)] and
ELS[(e)-(i)] spectra of a Au(film)/
Si(substrate) specimen with different
Au-thickness[5]. A brief summary of
the results in Fig.l is as follows.
Surface states characteristic to Si
(111) clean surface disappeared at
rxl monolayer and a new electronic
state were introduced. The interfac-
ial intermixing reaction occurred for
Au-film with thickness more than ~5
monolayers, whereas Au-film with
thickness less than /v2 monolayers was
stable for the reaction.
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Fig. 2 -d%/dEK;2
spectra of a Au/si
specimen with dif
ferent Au-film
thickness

In order to clarify the initial
stage of the intermixing reaction at
M/S contacts, we performed the de
tailed examination of Si(LW) Auger

spectra with different Au-film thickness in
hope that it would bear new and important in
formations on the electronic structure of the
valence electrons of Si. Therefore, we exa
mined the second derivative (-d^N/dEj^^) spec
trum of Si(LW) Auger electrons because it
usually developes fine structure in N(Ej^) and
pealcs in it correspond to peaks, including
shoulder, in N(Ek). The experimental results
for Au/si system with different Au-thickness
are shown in Fig, 2. One can see that Si(LW)
Auger spectrum begins to change its shape at
«'3 monolayers[Fig.2,(b) ].

Here, it may be necessary to show what can
be said from the spectral change in the Si
(LW) Auger spectrum. For the convenience of
the understanding of this estimation, LW
Auger spectra[N(E^), dN/dEx and -d^N/dEK^] of
Si are shown in Fig.3. By the way, Si(LW)
Auger spectrum contains informations on both
electrons in L-shell and valence electrons of
Si[n(E)] mainly p-like electrons[6].
However, it can be considered that the change
in the shape[N(EK)] of Si(LW) Auger spectrum
is mainly due to that in valence electrons
because a change in El will induce little
effect on the spectral shape. Kinetic energy
(Ej,^) of LW Auger electrons is roughly ex-
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Fig.3 Auger spectra of Si(LYV)t (a)
N(E|^), (b) dN/dEK and (c) -d^N/dEx^.
Solid curves are typical spectra of
pure Si, Dotted curves are expected
ones due to the increase in N(Ek) in
larger Ej^ region

pressed as

Ek = - 2Ev. - (1)
Here, is the binding energy of L-shell
electron and Ey the average binding energy of
two valence electrons involved in the Auger
transition. Though Si(LW) Auger spectrum
[N(Ej^)] will not directly reflect a state
density[n(E)] itself in valence band of Si
but mainly its self-convolution, the valence
band structure near Ep(or the top of valence
band: Eg) of Si can be qualitatively deduced
from the change in the shape of N(E}^) of
Auger signals at large Ek region because the
self-convolution is limited within the narrow

energy region near Eg. From eq.(1) it can be
said that the relative increase in the number

of Si(L-VV) Auger electrons with larger %
will result in the spectral changes in
-d^N/dEp^ with the following characteristics;

(i) energy shift of the negative peak to larger Ej^ and (ii) the ap
pearance of a new shoulder as illustrated in the dotted curve in
P"ig«3,(c), where the main structure in the smaller Ej^ region is kept
unchanged to avoid confusion.

Now, back to Fig.2, it can be said that the Au-deposition of ~3
monolayers gives rise to a shift in the energy of the negative peak
to larger %. from 93 to 94, 5eV[Fig. 2,( a) - (b) ] , or the broadening in
the dN/dEj^ like that of Fig.l,(c). From the expected change in the
Auger signals shown in Fig.3, it can be said that ̂ ^3 monolayers of
Au-film induced the increase in the density of state of valence elec
trons of Si with lower binding energy, i.e. the increase in n(E) near
Fermi energy(Ep). Corresponding to the increase in n(E) near Ep, a
shoulder appeared in -d^N/dEp^ spectra at large Ek region. The

shoulder grew up with increasing Au=s
film thickness to ~5 monolayers[Fig.2
,(c)], and finally changed its shape
into a clear peak at the stage of Au=
film with ~12 monolayers[Fig.2,(d)].
Si(LW) Auger spectrum(dN/dEj^) cor
responding to Fig,2,(d) is the double
peaked one[like Fig.l,(d)] which is
characteristic to Si in metastable

Si-Au alloy[7], The existence of the
peak at 95eV in the double peaked
spectrum of dN/dEj^, whose energy
position is larger than that of the
peak at 92eV in dN/dEj^ of pure Si,
also shows that a Si atom in the

metastable Si-Au alloy has higher
state density near Ep in pure Si.
We named such a Si to be 'metallic'

one[7]. The metallic nature of 3pB
electrons was clearly observed in the
SXS result of Si in Si-Au alloy and
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Fig.4 Kp-emission spectra
from pure Si(dotted curve)
and Si-Au(20 at.%) alloy
(solid one)

1069



Si

^2 layers-
Au

SI

^3 layers-

Si-Au '
amoiphous alloy

K. Okuno, M. IWAMi and A. Hiraki

Fig.5 Schematic illustration of the room
temperature interfacial intermixing reac-

a) tion for the Au slow deposition on
crystalline Si

pure Si[8], As shown in Fig.4, Kp-emission spectra
, which reflect the local density of state of 3p»

W electrons at Si site, indicate that Si atoms in Si
(20 at%)-Au alloy, which corresponds to Fig.l,(d)
and Fig.2,(d), have high state density of 3p-elec-
trons at Ep compared with those in pure crystalline
Si. Therefore, it can be said that the Au-deposi-

c) tion of ~3 monolayers[Fig.2,(b)] induces the rela
tive increase of the local density of states[n(E)]
near Ep. Namely, the interfacial intermixing reac
tion between Au-film and Si-substrate begins to
start at this stage of Au-coverage at room tempera

ture.

The above experimental results of Au slow deposition on a clean Si
(111) surface can be explained as shown schematically in Fig.5.
Deposited Au-film less than ~2 monolayers does not function as a
metal, and therefore it does not react intermixingly with Si-sub
strate [Fig. 5, (a) ] . Once the thickness of the deposited Au-film ex
ceeds ~2 monolayers[Fig.5,(b)] the critical thickness for Au-Si
system , it functions as a metal to induce the instability of
covalent bondings of Si atoms in the surface region of Si-substrate
to react intermixingly with Si at room temperature[Fig.5,(c)].
Therefore, the existence of the critical thickness for Au-film to
react intermixingly with Si-substrate indicates the importance of the
role of a metal for the room temperature interfacial intermixing
reaction[l]. Similar result was observed in the slow deposition
experiment of Ni onto Si surface, i.e. metallic alloy(Ni-silicide)
formation on the surface of the specimen.

Therefore, the problem of the Fermi level pinning of Schottky
barriers, which has been examined experimentally and theoretically by
many groups[9], should be examined and discussed carefully by consid
ering the presence of the intermixing reaction in some m/S systems.
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