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When a system of a Au, Cu or Pd thin film deposited on a Si (100) substrate is heat
~treated, various metal-silicide phases are formed on the Si substrate. The thicknesses
and elemental compositions of these silicides segregated onto the surface region were
determined analytically by a quantitative Auger electron spectroscopy (AES) method,
without destroying the system. The AES data were numerically processed by the
micro-computer controlled AES apparatus, so that the accuracy of the measurements
was improved. In the three metal/Si systems, we carried out the AES measurements
for the interaction between the metal (Au, Cu or Pd) and Si at the surface and
interface when the system was heat-treated from 100°C to 1000°C. The models
obtained from our analysis can provide useful information to the formation of metal
-silicides and metal-silicon interfaces of the heat-treated systems.
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1. Introduction

Auger electron spectroscopy is the method most commonly used to determine
the elemental composition of a solid surface. To upgrade the ability of
this method, we have developed a new quantitative analytical approach for AES
measurements [1-5], by which it is possible to explain the AES experimental
results of the monolayer over-growth [1,2], the surface segregation of a
binary alloy [3,4] and the alloy formation of Si with a metal when the system
is heat-treated [5]. For a system of metal overlayer on Si substrate, it has
been reported that metal-Si interaction occurs at the interface, through
which metal atoms and/or Si atoms go in and out to each other [6-9]. In
this compound formation with both Si and a metal, the major interests are in
identifying the various phases formed and in measuring their growths as a
function of heat-treatment temperature or time. In order to investigate
these problems, several MeV ion backscattering and AES measurements combined
with ion sputtering are widely used. However, for layer thicknesses less
than ~200 A, measurements by ion backscattering is difficult. The depth
profile technique by AES combined with ion sputtering is completely
destructive. The quantitative determination of the surface composition
during the depth profile suffers from a preferential sputtering effect [10]
due to the different sputtering yields of Si and a metal.

In this article, three systems of Au, Cu and Pd thin film (100200 &) on

'S1 (100) substrates have been investigated by our quantitative AES method.

Using this method, it 1is possible to determine the surface or interface
structure and the elemental composition of a segregated binary alloy layer of
a metal-Si system without destroying the surface and the interface. Each
of these three systems is sequentially heat-treated in the same vacuum with
increasing heat-treatment temperature or time.

The result of the quantitative AES analysis which is reported here gives

us a more advanced understanding of the nature of these interfacial regions.
2. Experimental

2.1. Sample preparation.

A mirror-polished n-type Si(100) substrate of 2.3 ohm cm resistivity was
used in all experiments. The Si substrate was chemically etched with a 6:1:2
volume ratio of HNO :HF:acetic acid, respectively. The dimension of the
substrate was 13x5x0.35 mm. The ©Si substrate was clamped between two
tantalum strips and cleaned in an ultra-high vacuum (<1077 Torr) by heating
it to temperature of about 1200 °cC. Heating was achieved by passing a
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current directly through the Si crystal. Also, in order to decrease the
out-gas from the sample holder, the heat-cleaning procedure was repeated
several times. For annealing or heat treatment of Si substrate, the
temperature versus the passing current was calibrated using a chromel-alumel
thermocouple on the Si substrate in a conventional high vacuum.

The deposition of each metal (Au, Cu or Pd) on a Si substrate was made by
a resistive heating of W filament (for Au and Pd) or Ta filament (for Cu) in
an ultra-high vacuum. The shield box surrounding the evaporation filament
was heated by the W heater stretched around the inside of the box. To avoid
contamination of the sample during the metal evaporation, heating of the box
was continued at a temperature of 400~500°C, until the pressure of the UHV
chamber became less than 7 ~8x107 10 Torr. The pressure during each metal
deposition was less than 1x107? Torr. The deposition rates of Au, Cu and
Pd were 60, 70 and 15 X/min., respectively.

Auger data were acquired with a single-pass cylindrical mirror energy
analyzer (CMA; Varian, model 981-2607). Primary beam energy of 2.5 keV was
used and the beam current of 10 wA was controlled by the electron gun power
supply, wusing which the beam current variation was less than 1%. This CMA
measurement system was controlled by the micro-processor units (MPU) and the
CMA Auger signal was digitally processed for the quantitative data

acquisition.

2.2, Data acquisition.

The block diagram of the system is shown in Fig. 1. The system

consists of the measurement unit and the main system.
2.2.1. Measurement unit.

The programable sweep voltage supply 1is controlled by the command
signals from MPU (MC 6809) and provides the CMA analyzing voltage which is
required. Auger signals from CMA are differentiated by passing through the
phase sensitive detection (PSD) circuit of a lock-in amplifier. The Auger
signals are converted into digital signals, and then stored in the memory
circuits of the MPU. These Auger signals are transmitted to the main
system, as soon as scanning of the CMA analyzing voltage is finished.

2.2.2. Main system.

The main system has the following four functions.

i) The control of the measurement unit according to the initial set up of
AES measuring conditions.

ii) The processing of the Auger data transmitted from the measurement unit.

iii) The display of the Auger spectrum on an oscilloscope or an X-Y

recorder.
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of 200 KR Au film on Si(100) substrate.

iv) The store of Auger data on cassette tapes or floppy disks.

The data processing of ii) has four further functions as follows:

1) Numerical output of Auger data.

2) Auger peak searching in the differentiated spectra dN(E)/dE.

3) Numerical integration of the spectra dN(E)/dE. The spectra obtained by
this numerical integration are expressed as N*(E).

4) Numerical calculation of the Auger peak area on the integrated spectrum
N*(E).

In fig. 2, there are two kinds of undifferentiated Auger spectra which
are N*(E) and N(E). The N*(E) spectrum of the Au Auger peaks (~ 150 eV) in
the energy region of 100 200 eV is obtained by the above described signal
procedure (3). The N(E) spectrum was obtained by the direct measurement of
the CMA current output from the electron multiplier with a high common mode
voltage 1isolation amplifier. When the N*(E) spectrum is compared with the
N{E), we can point out the following four results:

a) In spite of the complicated feature of the secondary electron
distribution in this energy region, the N*(E) reproduces the N(E) curve very
well.

b) The signal to noise ratio S/N of the integrated spectrum N*(E) is much
larger than that of the N(E) spectrum.
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¢} Since both spectra of dN(E}/dE and N*(E) are digitally processed with
MPU, the energy values E of both spectra coincide completely with each other.
d) As the integrated spectrum N*(E) is used in place of the spectrum WN(E)},
the measurement of the N(E) spectrum is not necessary. Then, the measurement
times required in all AES experiments are made shorter.
For the above reasons we use the integrated spectra N*(E) instead of the
spectra N(E) in our later AES experiments.

2.3. A procedure for determination of the Auger peak intensity on the N*(E)
spectrum.

The Auger current associated with a given transition is
IA=f[N(E)~Nb(E)]dE, where Nb is the background and the interval of the
integration covers the extent of the peak [11]. When chemical reaction, e.g.
oxidation, occurs in the surface region of solids, the Auger line of reacted

atoms which is measured in N(E) mode changes in the peak energy location and

the 1line shape. For metal-Si systems, it was reported [10] that the line
shape of Si LVV Auger transition which contains the Si valence band (V)
changes owing to the formation of metal-silicide. However, photoemission

and Auger electron spectroscopic measurements of the Ni on Si system [12]
showed that, although the Ni-Si reaction occurs at the interface, the change
of Si LVV Auger peak height in N(E) spectrum gives us a good measure of Ni
exposure as well as the change of Ni 3d peak intensity in photoemission
spectrum does. Also, in Pd/Si system, Schmid et al. (9] determined the

composition and the thickness of the surface layer which is formed as a

result of Pd-Si reaction at the interface. In their quantitative
analysis, they wused the integrated intensity of Si LVV Auger peak in N(E)
spectrum. Therefore, in most metal-Si systems, the integrated Auger

intensity can be used for a quantitative analysis when the line shape change
due to the formation of metal-silicides exists. In the electron energy
region lower than 100 eV, the Auger electron current is very small relative
to the background current of secondary electrons from solid surface, as shown
in fig. 6. Since the background function Nb(E) is not clearly defined in
general, the above integration s[N(E)-Nb(E)]dE is very difficult to perform.
However, Ishiguro and Homma proposed a simple and useful method [13] in

relation to this integration. By this method, they treated quantitatively
the Auger peak intensity ratio of metal oxides. Their method is applied to
a case of our AES measurements, and the result is shown in fig. 3. The

figure shows the dN(E)/dE spectra and N(E) spectra of Si LVV Auger peaks
obtained from the surfaces of a clean Si substrate and a 10 & Cu thin film
deposited on Si substrate at room temperature. According to their method, in
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the case of a clean Si, the two points on the N(E) curve of Si LVV Auger peak
are chosen by two energy values of maximum (88 eV) and minimum (92 eV) on the
Si LVV dN(E)/dE curve of clean Si.

These two points are connected by a straight line. Then, the area
surrounded by the N(E) curve and the straight 1line is numerically calculated
as a Si LVV Auger current I[,- In the case of a 10 A Cu thin film on a Si
substrate, the dN(E)/dE spectrum of a Si LVV Auger peak shows a complicated
peak shape due to the formation of Cu-silicide, as shown in fig. 3.
However, the Auger current in this case can also be calculated by the above
procedure used for the case of the clean Si substrate. In this case the two
energy values of maximum and minimum on the dN(E)/dE curve of fig. 3 are
taken as 88 eV and 94 eV, respectively. Then, two points on the N(E) curve
are chosen by these two energy values. As described in the next section, our
quantitative AES method needs the normalized Auger currents. The
normalization of Auger currents is made by using these Auger peak areas Ai.
For example, when Ax 1is the area of Si LVV Auger peak obtained from the
surface of a Cu thin film on a Si substrate, it is divided by the area Asi of
Si LVV Auger peak obtained from the clean Si substrate. The normalized Si
LVV Auger current for the Cu thin film on Si is expressed as Ax/Asi. In the
system of a metal (Au, Cu or Pd) thin film on a Si substrate, the normalized

Clean Si 104 Cu/si Binary Alloy
e

Cu Silicide

f neey
A ’ | Depth (Z\) o
M///SQ§§\
A Fig. 4. A schematic model of a binary
88 82 o o alloy system having a surface segregation
region of the solute atom composition R1
ELECTRON ENERGY (=¥) and thickness T, when R2 is the solute
Fig. 3. Determination of Auger currents atom composition of the
of Si LVV peaks from clean Si substrate bulk alloy.
and 10 A Cu on Si (Cu-silicide). Ip: primary beam current,
Npi> " R2 secondary

electron yields.
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Auger currents from a metal and Si are also determined by using the above

normalizing procedure.
3. Analyzing model (Theory).

The quantitative AES method used in this paper is the same method that
has been described in detail in references [1~5}, where all the surface
structures are simply considered as layered structures for the cases of a
monolayer ever-growth [1,2], a surface segregation of a binary alloy [3,4]
and a surface reaction of the Ag-Si or Au-Si system [5]. In the case of a
Ag-Si or Au-Si system, the change of the interface after heat-treatment has
been analyzed successfully. This method provides the quantitative formalism
to calculate the yield of Auger electrons produced by the primary electron,
forward- and back-scattered secondary electrons in the layer materials. The
number of the layers with different compositions is taken as two in order to
simplify the analysis. The model (two layer model) is shown in fig. 4.
If the solute atom composition R2 in the bulk (or the solute atom
composition R1 in the surface-segregated layer) is known, the number of
unknown parameters is just two of the thickness T and the composition Rl of

the surface-segregated layer (or the composition R2 of the bulk). Our
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(A) M-Si Si Heat treatments
R (at.%%) for 2 min.
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(8) M M-Si Si
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<T(A) AuB4ey
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(C) Si M~Si Si
R(at. %)
. ~R.T.
T(A)— ~—90°C
~—150°C
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o
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Fig. 5. Proposed structure models after
Fig. 6. Numerically integrated N*(E)

spectra of 200 R Au film on Si (100)

substrate after heat-treatments at

heat-treatment of M(metal)/Si systems.
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alloyed layer.
various temperatures for 2 min..
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quantitative AES method can also be developed for the system with three
different layers to be analyzed (three layer model). However, since the
analysis based on the three layer model is beyond the purpose of this paper,
it is not discussed here.

. Let us apply the two layer model (fig. 4) to the system of a metal (Au,
Cu or Pd) overlayer on a Si substrate when the system is heat-treated. The
four models shown in fig. 5 are all that can be considered for the system.
In each of these four models, the two unknown parameters are the metal
atom composition R {at. %) in the binary alloy layer and the thickness T (A)
of surface-segregated layer. It is assumed that the Si substrates in the
models B, C and D of fig. 5 are in the bulk and they are far from the
surfaces to be analyzed.

Using the result of our quantitative AES method [4,5], the two normalized

Auger signals IM and Isi from metal atoms and Si atoms are expressed as

follows:
Iy=Iy (T, R, ——= (1)
Isi= Isi( T, 100-R ) , ——(2)
respectively. When we replace the left hand sides of the equations of (1)

and (2) with the two normalized Auger signals of Iy and Isi, respectively,

obtained from the quantitative Auger measurements, the two unknown parameters

Table 1. Physical values necessary

Metal/Si Electron 0.74x ME) HE) n a .
system energy (eV) (&) %3} for the analysis of the results by
a/SE Au huger 260 AP 6.2 the hea;—treatment of metal/Si
Si 6.4 systems®.
Ey(Aul 1365 Au 16.3 ng 0.591 Au 2.392
; ; a .
1464 Si 46.6 mp 0274 Si 2.374 All values are defined clearly
Si Auger 92 Au 5.0
si 5.0 in refs. [1-5].
E,(Si) 1236  Au 15.3 ng 0.696 Au 3.321
AV B .
1366 si 42.6 b 0.320 i 3.106 0.74x4(E): electron escape depth,
Ep 2500 Au 32.6 4(E): electron mean free path,
i 127.6
ng > nNgt secondary electron
Cufst  Cu huger 920 ? ;?2 yield in base or solute metal,
1 .
EyyfCu) 1706 Cu 27.3 ng 0.350 Cu 1.398 a:B@(EAV) / ®(E_),
1733 i 58.3 ng 0.206 Si 1.433 . ical F 29
Si Auger 92 Cu 5.0 B: geometrica actor [29].
st 3.0 ®(E) : Gryzinski ionization
E,y(Si) 1281 cu 21.3 ng 0.560 Cu 3.242 )
1366 SL 42.6- ng 0.320 SL 3.106 cross section [30].
E, 2500 Cu 51.5 b
si 127.6 Escape depth through the
Pd/Si  Pd Auger 330 Pd 6.8 material shown.
Si 7.0 c .
E,o{Pd) 1383  Pd 20.1 ng 0.466 Pd 2.387 EAV(AU) is the averaged energy
1461 Si 46.5 n30.276 Si 2.373 of the secondary electrons
Si Auger 92 Pd 5.0
si 5.0 having enough energy to produce
Eqy(Si) 1263 Pd 18.7 ng0.536 Pd 3.271
AV B
1366 St 42.6 ng0.320 Si 3.106 Au Auger electrons.

Ep 2500 Pd 43.2




Reports of the Faculty of Engineering, Tottori University, Vol. 19

of R and T can easily be solved analytically as a unique solution.

In fact, for the two values of IM and Isi of equations (1) and (2), we
have used the two measured Auger signals of a metal and Si. These signals
are normalized by the procedure outlined in the previous section. The
physical values necessary for our analysis are all tabulated in table 1.
These values are obtained in the same manner as described in references 4 and
5. The methods to get precisely these values are described in reference 14.

Using our theory, we can find out the model corresponding to a real
metal/Si system after heat-treatment, which becomes one of the four models
of fig. 5. Thus, we can determine the thickness as well as the

composition of the metal-Si alloyed layer.
4. Results and discussion.

In this section we show and discuss the results obtained by our
analytical method which is applied to the quantitative Auger measurements of
the three metal/Si systems (Au/Si, Cu/Si and Pd/Si).

Since these Auger measurements in the low energy region suffer from the
presence of a steep background due to a secondary electron emission
containing the low energy Auger electron signals of Au 69 eV, Cu 60 eV or Pd
43 eV, these Auger signals are not employed in our quantitative analytical
method. However, the change of these Auger peak shapes due to the
sequential heat-treatments is shown in each Auger spectrum, in order to
compare it qualitatively with the change of Si LVV Auger peak shapes. The
Si KLL Auger peak in the very high energy region is not employed in our

quantitative AES measurements because it is less sensitive.

4.1, Au/Si.
The Au thin film of 200 & was deposited on the Si(100) substrate at room
temperature. This Au/Si system was sequentially heat-treated with an

increasing heat-treatment temperature for the constant heat-treatment time of
2 min. by the resistive heating of the Si substrate. Figs. 6 and 7 show
the changes of the Auger spectra N*(E) and dN(E)/dE, respectively, in this
Au/Si system when heat-treated. In the dN(E)/dE spectrum of 300°C of fig.
7, we can clearly see that the 92 eV Si LVV peak splits into the two peaké
(the double peak) located at 90 eV and 95 eV. Such double peak features
are also seen in the case of lower heat-treatment temperatures than 300°C and
the peak height gradually becomes larger with increasing temperature up to
300°C. The Si double peaks characterize the metastable Au-silicide formed on
the surface of the heat-treated Au/Si system [15].
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At the higher heat-treatment temperature, the double peak of Si LVV
changes into a single peak. At the same time other Auger peaks of Au (69
eV) and Au (240 eV) suddenly decrease in their peak hzights (see the
spectrum of 410°C in fig. 7). This sudden change of the spectra occurs
in the narrow temperature range of 310 #3°C [5]. The change is also observed
by the sudden change in the backgrounds of the N*(E) at a heat-treatment
temperature from 300 to 410°C, as shown in fig. 6. Little changes exist
in the dN(E)/dE and N*(E) spectra at the higher heat-treatment temperatures
from 410 up to 900°C. A more stable Au-Si interface will be formed in
these heat-treatment stages.

The Auger signals used for our analysis are the Si LVV ( 92 eV) and Au

(240 eV) peaks. Each of the normalized Auger signals was obtained by
numerical integration on the N*(E) curves according to the procedure
described in the section 2.3.. The results of our analysis are shown in
fig. 8. As mentioned in section 3, a unique solution can be obtained as
the crossing point of the two curves in the graph (a), (b), (c¢) or (d) in
this figure. One of the two curves is obtained from the Si LVV Auger
signal and the other 1is the curve obtained from the Au (240 eV) signal in
each of the four graphs. In the result of our analysis for the

heat-treatment of 150 °C, a unique solution, or the crossing point of the
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curves, exists only for model (D), and there are no solutions for any other

models. This solution 1is shown in graph (a) of fig. 8, with the model
(D}. 1In this graph (a), the abscissa shows Au atom composition R (at.%) in
the Au-Si alloy of the topmost layer of model (D) and the ordinate shows the
thickness T (&) Of this Au-Si alloyed layer. Therefore, the crossing point

of these two curves gives us only the solution of R(Au)=70 at.% and T=2 .
The pure Au layer beneath this Au-Si alloyed layer is too thick to be

analyzed by our method. In the result (b) of heat-treatment at 210°C, model
(D) also has the solution of R(Au)=85 at.% and T=7 &, the values of which
become larger than those of the above result (a). The results (not shown

in this paper) for heat-treatments up to 300°C are similar to the result of
210°C.

However, in a heat-treatment temperature higher than 410 °c, we have
obtained a unique solution for model (B) as shown in graphs (c) and (d} of
fig. 8, but no solutions exist for any other models. In these graphs (c)
and (d), the ordinates show the pure Au film thickness T of the topmost
layer and the abscissas show the Au atom composition R(Au) in a Au-Si alloyed
layer beneath the topmost Au layer. In each of these two graphs (c) and
(d), the crossing point of these two curves also shows a unique solution for
model (B). The pure Au film thickness T decreases gradually with
increasing heat-treatment temperature as 4.7 A& for 410°C and 4.0 & for 700°C.

The thickness T, however, does not change for the heat-treatments at

higher temperatures from 700°C up to 900°C. The Au composition of the
alloyed layer beneath the Au layer is 1less than R(Au)=3 at.% for each
heat-treatment at a temperature higher than 410°C. The alloyed layer 1is

very close to the pure Si substrate.

Thus, it must be noticed that when the 200 )4 Au/Si system is heat-treated
our analysis shows two quite different models, which are model (D) for lower
heat-treatment temperature (silicide formed) ard model (B) for higher
heat-treatment temperature than the surface eutectic point of 310°C [5].
Hiraki et al. [16] reported that Si atoms diffuse from Si substrate through
a thick ( ~900 &) Au film and segregate onto the Au film at a temperature
lower than 200°C. At these lower temperatures, the segregated Si atoms form
a thin meta-stable Au-rich silicide layer on a pure Au thick film, which is
found by using the AES depth profile technique [17]. These phenomena are
in very good agreement with our above result of model (D). Both the
thickness and Au composition of the Au-silicide layer gradually increase from
T=2 to 7 x, and from R(Au)=70 to 85 at. %, respectively, with increasing
heat-treatment temperatures from 150 to 300°C.

However, model (B) gives us a unique solution when the Au/Si system is
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heat-treated at a temperture higher than the surface eutectic point ( 310°C).
This result shows that the pure Au thin layer of 4 5 & (one to two
monolayers) always remains as the topmost layer in spite of the rapid
diffusion [6] of a large amount of Au into the bulk Si at these higher
heat-treatment temperatures. The interaction between a Au film and a Si
(111) substrate at higher temperature than 400°C was investigated by Le Lay
et al. [18], who concluded that a Au thin film grows on the Si substrate in
Stranski-Krastanov (S-K) mode, i.e. initial Au layer growth followed by the
island formation. In the AES data of Le Lay et al. [18], both Auger signals
of Au and Si are almost constant against increasing Au covarage of 0 > 1.5.
Thus, the contribution of islands to the Au Auger signal seems to be
negligible when grown in an S-K mode. It is also reported [19] that the
contribution of islands to the Auger signals is almost negligible because of
the very small density of Ag islands in the case of a thin Ag film deposited
on Si substrate at 500°C. Our analysis is based directly on the ability
of AES to detect the population density of the specific element in the
surface region. Therefore, our analysis is correct within the analyzing
ability of AES, so long as the contribution of the islands to the Auger
signal is negligible, even if the Au islands are formed on the topmost Au
layer. Then, in our case, for higher heat-treatment temperature than the
surface eutectic point, a pure Au thin layer of one to two monolayers can
exist stably on the Si substrate, as in the case of other researchers'

experiments [20, 21].

4.2. Cu/Si.

A differentiated Si LVV Auger peak splits into the two peaks of 88 and
94 eV due to the Cu-silicide formation as previously shown in fig. 3, when
a 10 A Cu thin film is deposited on Si substrate at room temperature. In
fact, this double peak is very similar to that of Si LVV peak of meta-stable
Au-silicide formed on the thick Au layer as described in the section &4.1.
In order to investigate this Cu-silicide formation in detail, we observed the
change of AES spectra due to the heat-treatment at relatively low
temperature., A 200 & Cu film was deposited on the Si substrate at room
temperature. This system was then heat-treated in an ultra-high vacuum at
the constant temperature of 150 °C with increasing heat-treatment time.
Fig.9 shows the change of these AES spectra as a function of heat-treatment
time. For a longer heat-treatment time, the Si LVV peak height gradually
increases whereas the shape is still the double peak. On the contrary to
the Si signal change, Cu Auger peaks of 60 eV and 920 eV gradually decrease
in their heights. After 60 min. heat-treatment time, the Si LVV double
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peak or the 920 eV Cu Auger peak keeps an almost constant height. The
Auger signals used for our analysis are the Si LVV peak and Cu Auger peak of
920 eVv. The result of the analysis for this case is shown in fig. 10.
Model (D) shows a unique solution for all these heat-treatment stages, which
is very similar to the case of the Au/Si system as shown in fig. 8 (a) and
(b). The result shows that the surface Cu-Si alloyed (Cu silicide) layer
exists on the pure thick Cu layer which is also sitting on the Si substrate.
The Cu composition and the thickness of the Cu-silicide layer increase
from 70 to 80 at.%, and from 1 to 30 R, respectively, with longer
heat-treatment time. The result shows that the Cu-silicide of the topmost
layer grows as a function of the heat-treatment time at a relatively low
temperature ( 150°C).

Next, a system of 200 R Cu film on Si substrate was sequentially
heat-treated for 2 min. with an elevating temperature. Fig. 11 shows the
change of AES spectra due to these heat-treatments. For a temperature
lower than 190°C (the analytical result is not shown in fig. 12), model (D)
gives us a unique solution which is very similar to fig. 10. When the
Cu/Si system is heat-treated at a higher temperature between 210 and 350°C,
the unique solution is no longer obtained from model (D), but only model (C)

gives us the solution as shown in the graphs (a) and (b) of fig. 12. In
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each of the two graphs, the ordinate expresses the thickness T of the Si
segregated layer on the thick layer of Cu-Si alloy which is extended deeply
into the Si substrate. The abscissa shows the Cu atom composition R of
this Cu-Si alloyed layer. From the graphs (a) and (b) in fig. 12, it
follows that the thickness T= 0.5 & of the Si surface layer is less than 1/4
monolayer (= 2.35/4 R [22]) and the Cu atom composition R(Cu)=75 at.% of the
Cu~-Si alloyed thick layer corresponds to the composition of the Cu-silicide
of Cu,Si. The Cu3Si thick layer is formed stably on the Si substrate
during these heat-treatments.

At temperatures higher than 440°C, the Si LVV double peak changes into a
single Si LVV Auger peak as shown in fig. 11. After this temperature (440
C), the analyzed model also changed from (C) to (B) as shown in fig. 12.
In the fig. 12 (c) (440°C), the thickness of the pure Cu topmost layer is
1.45 R which 1is slightly thicker than a half monolayer of Cu (= 2.56/2 &
[22]). It shows that a very thin Cu layer covers the thick Cu-Si alloyed
layer of R{Cu)= 42 at.% which extends deeply into the Si substrate. From
495°C to 7OOOC, the thickness of the topmost Cu layer considerably decreases
from 0.9 to 0.3 R, respectively. The Cu atom composition of the Cu-Si
alloyed layer also decreases from 20 to 10 at.%. This phenomenon is very
different from the Au/Si case after 410°C (c.f. fig.8 (c) and (d)), whereas
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the 45 R Au topmost layer remains on the almost pure Si substrate. This
result reveals that, at a tempefature higher than 440°C, a relatively large
amount of Si from the substrate successively diffuses into the CuBSi layer or
the Cu3Si diffuses into the Si substrate, where the CUBSi layer is fully
grown around 300°C. In order to break the Cu3Si silicide, it needs the
heat-treatment at over 858°C [23] which is the melting point. Below this
temperature, the unit form of Cu Si diffuses into Si or Si diffuses among the
CugSi  silicides. Therefore, the dense Cu composition still remains in the
(B) model of fig. 12 (c), (d) and (e) which is different from Au/Si case of
fig. 8 (c) and (d).

4.3. Pd/Si

Fig. 13 shows the change of the differentiated Auger spectra when the
system of a 100 & Pd film on Si (100) substrate was heat-treated at various
temperatures for 2 min.. The Si LVV Auger spectrum of 90°C heat-treatment is
characterized by the feature with several peaks in the energy range of 80 to
94 eV due to the Pd Si formation in the surface region [24, 25]. No
changes of this Si Auger line shape have been observed between 250 and 410°C.
At higher temperatures than 450°C, the Si Auger line shape becomes closer
to the elemental Si LVV Auger line, increasing its peak height. The
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intensity of Pd (330 eV) Auger peak continues to decrease with elevating
temperature. However, the Pd (330 eV) peak height keeps constant in the
range from 250 to 410°C.

The Auger signals wused for our analysis are the Si LVV ( 92 eV) Auger
line and the Pd 330 eV peak. Fig. 14 shows the result of our analysis for
the Pd/Si system. A unique solution was obtained from model (B) for
heat-treatment temperatures from 90 to 440°C. However, at 495 °C and at
higher temperatures than 560 °C, (A) and (C) models were the solutions,
respectively. Then, let us examine the solution by our analysis when the
heat-treatment temperature increases. The solution of 90°C is T= 1.2 & of
the topmost Pd layer's thickness and R(Pd)= 77 at.% of the Pd atom
composition in the Pd-Si alloyed layer beneath the Pd layer. From 90 to
2100C, the Pd composition of the Pd-Si alloyed layer gradually decreases,
taking the same thickness (1.2 &) as that of the topmost Pd layer for 90°C.
However, in the temperature range of 250 to 410 °C, each of those wvalues
remains almost constant, that is, the thickness of the topmost Pd layer is
1.6 A and the Pd composition of Pd-Si alloyed layer is 51 at.% as shown
typically in graph (b) (300°C) of fig. 14. For 440°C heat-treatment, the
solution of model (B) provides that the Pd composition of the Pd-Si alloyed
layer again starts to decrease gradually to 40 at.%, although the thickness
of the topmost Pd layer is 1.6 R which is the same value with 300°C.

As soon as the heat-treatment temperature is elevated up to 495°C, the
model giving a unique solution changes from (B) to (A) as shown in graph (c)
of fig. 14. In this graph, the solution shows that the topmost Pd layer
vanishes and only the Pd-Si alloyed layer is formed as the new topmost layer
on the Si substrate with a thickness of 14 & and a Pd composition of 43
at.%. The thickness of this Pd-Si layer may be considered to be much
larger than 14 &, because the two curves in graph (c) of fig. 14 have a
similar steep slope toward the direction of increasing thickness and become
very close to each other in the narrow region (composition as the abscissa)
where the two curves cross to make a unique solution. At a temperature
higher than 495 °C, as shown in graphs (d) and (e) of fig. 14, each of the
solutions obtained from model (C) indicates that Si atoms from the substrate
segregate to the surface of the Pd-Si alloyed layer through this layer. In
the graph (e) for 780°C the thickness of the Si surface-segregated layer
increases to 4.2 R, and the Pd composition of the Pd-Si alloyed layer
decreases to 34 at.%. Only one single phase of Pd Si is known to be formed
by the reaction between a thin Pd film and a crystalline Si substrate in the
temperature range of 200 to 700°¢C {26, 27]. Recently, it 1is also reported
that Si atoms segregate from the Si substrate to the surface of the PdZSi
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layer at a heat-treatment temperature higher than 400°C 125, 28). Thus, our
above result agrees very well with these observations by other experimental
methods. That is, with heat-~treatments from 90 to 210 °c, a thicker Pd
overlayer may be transformed completely into a PdZSi layer. At
heat~treatments over ZSOOC, the formed Pd-silicide is diluted with Si atoms
which are supplied from the Si substrate (see the graphs (b)-(e) of fig.
14). These Si atoms finally appear on the topmost surface layer, which 1is
typically shown in graph (e) of 780°C in fig. 14.

5. Summary.

By wusing an analytical method for quantitative AES measurements, we
determined the surface structures and their elemental compositions of a metal
(Au, Cu or Pd) overlayer on a Si substrate at sequential heat-treatment
steps. The main conclusions of this study can be summarized as follows:

(1) Au/Si system; At a heat-treatment temperature lower than the surface
eutectic point ( 310°C), Si atoms which diffused from the substrate to the
surface through the thick Au layer reacted with Au atoms to form the
Au-silicide of a Au composition of 70 ~ 85 at.?% as the topmost layer. At
a heat-treatment temperature higher than the surface eutectic point, the
topmost Au layer of one to two monolayers was stably formed with a very
abrupt interface on the Si substrate.

(2) Cu/Si system; At a heat-treatment temperature lower than 350 °C, Si
atoms which diffused from the substrate to the surface through the deposited
Cu layer formed the silicide Cu,Si of the topmost layer, as was also the case
with the Au/Si system at temperatures below the surface eutectic point.
However, at a heat-treatment temperature higher than 350°C, we had different
results from the Au/Si case. Instead of the sharp interface of Au/Si, we
had the intermediate layer of Cu-Si alloy between the Cu surface layer and Si
substrate, where the Cu composition gradually changed from 40 at.% to zero
during heat-treatments.

(3) Pd/Si system; The interaction between the Pd film and the Si substrate
took place even at 90°C, where Pd rich silicide was formed as PdZSi. At
higher temperatures, the unit form of PdZSi diffused into Si or Si diffused
among the Pd,S5i silicides. Finally, Si atoms segregated to the top surface
of this silicide, due to the successive diffusion of Si from the Si

substrate.
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