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We report complete low-energy electron-loss spectroscopy (LEELS) and Auger-
electron-spectroscopy measurements on the Si(111)-(2 X 1)—Au system at different
thicknesses of Au deposited at room temperature and for different annealing cycles. Two
overlayer thickness ranges correspond to two different stages of interface formation. In
the submonolayer range gold atoms stick on the silicon surface without intermixing and
give rise to strong interface LEELS features. A thickness of two monolayers is the lower
limit over which intermixing occurs and an Au-Si alloy is formed. The alloy composition
changes with overlayer thickness up to 20 ML. Above this value pure gold begins to
grow with some silicon outdiffused to the free surface. LEELS data show that in the al-
loyed phase the shallowest d electrons are those mostly involved in bond formation with
silicon sp electrons. The hybrid bonds correspond to new electronic states at 3.7 eV under

Er for the silicon-rich Au-Si mixed phase.

I. INTRODUCTION

We report a complete set of low-energy
electron-loss-spectroscopy (LEELS) and Auger-
electron-spectroscopy (AES) measurements on the
Si(111)-Au system at different thicknesses of Au
deposited at room temperature (RT). Both low
[ <1 monolayer (ML)] and high Au coverages (up
to 100 ML) were explored, and annealing cycles up
to 500°C were performed on samples with different
Au thicknesses. This work deals with the question
of the interaction of the metal overlayer and the
silicon substrate and the subsequent formation of
an abrupt or diffuse interface. The existence of in-
terface states as well as intermixed phase electronic
states will be examined in detail.

Gold is widely employed in mincroelectronics,
e.g., for Ohmic contacts and for Schottky barriers.!
The Si-Au system has been widely studied in the
past. Only recently, however, has a great insight
into the physical problems connected to the
interface formation been reached with surface-
sensitive techniques such as ultraviolet
photoemission spectroscopy?~* (UPS), AES,” 3
low-energy electron diffraction®® (LEED), and
LEELS.°~!! The formation of gold silicides with
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a well-defined stoichiometry does not occur when
gold is evaporated on a silicon substrate at RT,
while it might occur during the subsequent
annealing of this system. When more than 1 ML
of gold is deposited at RT, an intermixing between
the two materials occurs, and an amorphous or
disordered phase is detected by LEED.®!! The
minimum Au thickness above which interdiffusion
occurs is still controversial. The analysis of the
UPS core-level emission intensity reported in Ref.
2 would suggest that gold and silicon are mixed
together as soon as the gold reaches the surface.

In contrast, AES, LEED, LEELS,!! and ion
backscattering studies'? indicate that interdiffusion
occurs above a critical Au thickness ~5 ML.
Beyond this critical thickness there is a general
agreement that an intermixing process takes place.
AES depth profiling™® and UPS (Ref. 2) have
shown that the intermixed region at the interface is
approximately 20 A thick. For nominal Au
coverages thicker than this value the system
consists of a sequence of regions: the silicon
substrate, an intermixed region (~20 A thick), a
pure-gold region, and a very thin (1—2 ML)
intermixed phase on top of the pure-gold region.
This last phase is due to outdiffusion of Si atoms.
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The above qualitative description is valid both for
Si(111)-Au (Ref. 5) and Si(100)-Au (Ref. 8)
interfaces. The intermixed phase does not show
any structural order in LEED. An analysis of the
relative intensity of the Au OVV and Si LVV
Auger peaks versus gold coverage (see Sec. III B)
indicates that the alloy composition changes from
a Si-rich phase near the interface to a Au-rich
phase. A different structure is obtained when the
above-mentioned Si-Au system is annealed at
temperatures of 200—400°C. An ordered phase
has been revealed by LEED with patterns different
for gold deposited on Si(111) (Ref. 5) or Si(100)
(Ref. 8).

Our present experiments use LEELS and AES to
study the Si-Au system obtained by evaporation of
Au on RT substrates with or without subsequent
annealing. The theoretical framework of LEELS
is described in detail in Ref. 14. In summary,
within the dielectric theory LEELS results are
described by the bulk and surface loss functions
(£):

) (1

Luik < —Im

€w)
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where €(w) is the complex dielectric function. Ow-
ing to the presence of both the real and the ima-
ginary parts of the dielectric function in the .#’s,
one-electron peaks in the optical absorption spectra
do not appear at the same transition energy as the
corresponding peaks in LEELS. In Ref. 15 a one-
to-one correspondence between peaks of €,(w) and
dips of the second derivative of .#y;, was estab-
lished. Since no similar correspondence has yet
been established for £ 1,.c We use in this work
the conventional method of analyzing the evolution
of peaks rather than dips in the LEELS curves
during the interface formation. This problem does
not occur for losses involving transition starting
from core levels, since for the high-energy-loss re-
gion the loss functions are simply proportional to
€(w). In our analysis we will not try to assign the
overlayer-induced LEELS structures to any partic-
ular one-electron-like transition. This identifica-
tion would require optical constants and theoretical
band-structure calculations of the corresponding
system not available at present. The gold-induced
LEELS structures will be used instead to under-
stand the overlayer-substrate interaction, and we
shall identify them as to be due either to plasmon
losses or to some type of one-electron transitions.

& surface < —Im s (2)

We shall describe the experimental procedure in
Sec. IT and the experimental results in Sec. III.
Section III is divided in three subsections describ-
ing LEELS, AES, and scanning electron micros-
copy (SEM) results. In Sec. IV the results will be
discussed for the low coverage range (<1 ML) and
for the high coverage range (>1 ML). The con-
clusions are reported in Sec. V.

II. EXPERIMENTAL PROCEDURES

Clean silicon (111)-(2X 1) surfaces were obtained
by cleaving an n-type silicon bar (p~0.05 Q cm) in
an ultrahigh-vacuum chamber at a base pressure of
the order of 1X107!° Torr. Notches on the bar
allowed many cleaves without breaking the vacu-
um. Gold was deposited by thermal evaporation
from a tungsten crucible. The evaporated film was
increased step by step from a fraction of a mono-
layer to 100 ML. All depositions were done with
the silicon substrate at RT, and the annealing cy-
cles (see Sec. III) were performed with a resistive
heating system on the back of the sample holder.
Great care was used in degassing the tungsten cru-
cible to avoid contamination of the sample. Dur-
ing the depositions the vacuum pressure was al-
ways lower than 3 10~!° Torr, and no trace of
contaminants was in the Auger spectra (sensitivity
of 1072 ML of carbon). The film thickness was
measured by a piezoelectric monitor. The nominal
one-monolayer coverage (©=1) was defined as one
Au atom per substrate atom [Si(111) surface densi-
ty ~7.8x 10" atoms/cm:z], corresponding to a
nominal thickness of 1.3 A. The electron-energy
analyzer used was a Physical Electronics double-
pass cylindrical mirror (CMA), and its coaxial elec-
tron gun was applied both for AES and LEELS
spectroscopy. For AES the primary electron-beam
energy was 3 keV with a 2-mA emission current
and 2-V modulation voltage applied to the
analyzer. For LEELS the primary electron-beam
energy was lowered down to ~100 eV, and the an-
gle of incidence was 45° with respect to the sample
normal. A phase-sensitive detection system was
used in the first- and second-derivative modes.
Low-energy electron diffraction patterns were used
to check the crystal structure of the clean and Au-
covered silicon surfaces. The results reported here,
taken at RT, correspond to several different se-
quences and/or annealing cycles. After some of
these runs the surface morphology was investigated
by SEM.
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III. RESULTS

A. Low-energy electron-loss results

Figure 1 gives a summary of a different series of
LEELS measurements. Each run corresponds to
one of the solid lines and to the reference number
on it. Each run consists of successive Au deposi-
tions followed by annealing. The annealing tem-
perature and the coverage step were changed from
run to run, while the annealing time was 30 min.
For each annealing step, X’s on the solid lines
show the stage of each run at which LEELS, AES,
and LEED were performed.

LEELS curves for run 1 are reported in Fig. 2.
The left-hand side of the figure shows the evolu-
tion of the spectrum for increasing Au coverage in
the submonolayer region. The right-hand side of
this figure shows the effects of the annealing. The
first left-hand side spectrum corresponds to clean
Si(111), and all features have been previously iden-
tified. In particular, the peaks at 16.9 and 11.0 eV
correspond to bulk- and surface-plasmon losses.
Peaks E; at 3.6 eV and E, at 5.2 €V are one-
electron transitions related to the bulk-Si band
structure. The remaining losses S, S,, and S at
2.4, 6.9, and 15.1 eV involve transitions between
back-bond surface states and empty surface states.
A small amount of gold causes a strong modifica-
tion of the spectrum. The surface losses disappear
at 0.4-ML coverage. A new structure I, appears

at 7.6 eV for a 0.2-ML coverage. Its position
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shifts to 7.0 eV at 0.6 ML and does not change for
higher coverages. We interpret the structure I s, at

2.2 eV as a gold-induced feature rather than a sur-
viving S; peak since the S transition that involves
the Si dangling bonds is removed by a very small
amount of deposited materials.'® As we shall see
later, peaks 1. 5,15, 15,15, are observed at low cov-

erages and disappear at higher coverages; therefore
we interpret them as interface features. An in-
teresting result shown on the right-hand side of
Fig. 2 is that each 30-min annealing step does not
change the peak positions up to 500°C. The most
striking effect of temperature is the narrowing of
all spectral features. The above-mentioned results
are summarized in Fig. 3, where the energy of the
LEELS features is shown as a function of coverage
and annealing temperature. The sharp (2X 1)
LEED pattern of the Si(111) cleaved face becomes
weak at 1-ML coverage and completely disappears
at higher coverages.

In Fig. 4 we report the results of run 3. Here
the Au coverage was increased by large increments
to follow the evolution of spectra until the pure
Au-like situation is reached at 100 ML. Note that
the energy resolution was slightly worse here than
for the other runs. The broad low-energy peak at
© =2 corresponds to the double peak at ©=5.
The evolution saturates at © =12 —30 when all
new structures B,C,D,E,F are well developed.

Peak B is already well defined for ©=35, and its
energy position is 3.7 eV. For higher coverages it
shifts to lower energy and reaches its final posi-
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FIG. 1. Each line corresponds to a different run identified by the reference number on the line. Each run consists of
successive depositions at RT followed by annealing. The region where island formation occurs is indicated by dashed
lines.
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FIG. 2. LEELS curves of clean cleaved Si(111)-(2X 1) and of the same surfaces covered with different thicknesses of
gold (submonolayer coverage). The right-hand side of the figure shows the spectra obtained after 30 min of annealing

at different temperatures for 1-ML coverage.

tion, 2.5 eV, around © =30. The other structures
C,D,E,F at 6, 11, 16, and 22 eV remain unchanged
above ©=12. Figure 5 shows the energy position
of peak B as a function of Au coverage. The ob-
served shift cannot be attributed to a background
effect. In fact, the same effect should otherwise be
seen also for peak C.

We have seen in Fig. 2 that 1 ML of gold forms
a stable system—no changes in the LEELS spec-
trum are caused by the annealing processes. We
will show now that this stability depends on the
gold thickness. The effects of the annealing cycles

for a 20-ML-thick Au overlayer are reported in
Fig. 6. In the RT spectrum peak C now seems to
be a convolution of two different peaks. Peaks E
and F are less evident in Fig. 6 than in Fig. 4. The
effects of annealing are dramatic in Fig. 6, and the
spectrum is completely changed at the end of the
annealing cycle. The peak evolution is more evi-
dent from Fig. 7. After 100°C peaks C and D are
well split and evolve into four structures at 5.4,
7.0, 10.6, and 13.0 eV. Peak B rises slightly in en-
ergy, and at 400°C it has the same energy as peak
E, in the clean silicon. The bulk-silicon plasmon



26 LEELS AND AES STUDIES OF NOBLE-METAL —SILICON . . . 1129

Sif11)-[2x1+Aul0-1ML)  S:+1ML Au, ANNEALING (50-500°C)
20
L T + + 5 + hop
> syted
2 -
o i P ! L. + J132
8 //},%‘i‘{ S4TTTT T T T
S heg'd f -
>0k ToLi | lggefet + Fo———yp- 08
] T%
b4 B
w
Zs, s 2 lgp #—5 + + -7
Bttt +—= —+ + + E,
Eppaps i — ¥ + + Ey
ST etopetoge lgg cpopr e { - “+ 22
1 1 1 1 1
002 06 1 100 200 300 400 500
COVERAGE(ML) ANNEALING TEMPERATURE (°C)

FIG. 3. Energy positions of LEELS features vs Au
coverage and annealing temperature. Dots on solid lines
indicate surface and interface losses. Dashed lines are
the best fit of Eq. (6) to the experimental results (see
text).

reappears at 400°C, and all structures at 500°C
correspond to those seen for the © =1 spectrum,
Fig. 2. Similar results are shown for run 4 in Figs.
8 and 9. Here the annealing process again splits
both peaks D and C and the 500°C annealing step
reestablishes the ©=1 spectrum. The major
difference between run 2 and run 4 is that the
splitting of peaks D and C occurs at higher tem-
peratures for the latter run.

B. Auger-spectroscopy results

The Auger processes involving the valence band
yield information about the local density of states
of the ionized atom if the Coulomb interaction be-
tween the two holes is small compared to the band-
width."’~1° This is the case of the Si LVV Auger
transition. Therefore the single peak observed at
92 eV (see Fig. 10) is interpreted as a self-
convolution of the partial sp density of states.
Therefore the modifications of the Si LVV line
shape observed in Fig. 10 probe the involvement of
Si p-like states in the substrate-overlayer chemical
bond. One monolayer of Au gives a Au OVV peak
at 69 eV, and in the submonolayer range it affects
only the intensity of the silicon peak. At ©=5 the
gold structure becomes dominant, and the Si LVV
feature splits into two peaks at 90 and 95 eV. This
spectrum does not change for larger coverages ex-
cept for the relative intensity of its two com-
ponents. A striking effect is the persistence in the
spectrum of the Si doublet up to at least ©=100.
The intensity ratio I 5, oyy/Is; Lyy is shown in Fig.
‘11 as a function of ©. The ratio exhibits a con-

tinuous increase, which saturates at © >20. In the
inset of Fig. 11 the intensity ratio versus © plot is
shown in detail for the submonolayer region. A
linear behavior is observed for © <1. The evolu-
tion of the low-energy Auger spectrum for ©=20
is shown in Fig. 12 as a function of annealing.
The double silicon peak characteristic of © =20
undergoes a strong change and it reaches its final
single-peak line shape between 400 and 500°C.
Similar results were obtained for © =100 after the
same annealing cycle. The intensity ratio between
the Si KLL and the Au MNN Auger peaks for the
annealing cycles of the 20- and 100-ML coverages
are shown in Fig. 13 together with I, oy /Isi Lyy
of ©=1. The study of the high-energy Auger
lines is complementary to that of lines involving
the valence band. In fact, intermixing processes
between gold and silicon strongly influence the
valence-band states, while they weakly affect the
core levels. Therefore the interpretation of the
spectra becomes simpler in the latter case.

C. Surface morphology

The surface morphology was investigated with a
scanning electron microscope. The analysis was
performed mainly on samples covered with 100
ML of gold. In the as-deposited samples, no par-
ticular features are observed, and the gold film ap-
pears quite continuous. After annealing at tem-
peratures higher than 350—400°C gold islands are
formed, as shown in Fig. 14. The islands are dif-
ferent in shape with an average height of 1 um
and a bottom area of the order of few um?. The
percentage of the area covered by the islands is
10% of the total sample area. In Fig. 14 is shown
a sketch showing islands connected with a thin
gold film. The presence of such a thin film cannot
be proved by SEM but only inferred from AES
and LEELS results, previously presented. The
composition of the islands has been studied with
x-ray diffraction technique and is substantially
gold dissolved with a slight percentage of silicon at
the most. No evidence for compounds has been
found.

IV. DISCUSSION
A. Low Au coverages (6<1)

The results reported in Sec. III for the low cov-
erage range (see Fig. 2) clearly show that a small
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FIG. 4. LEELS curves for clean cleaved Si(111)-(2 X 1) and for the same surface covered with different Au thickness.
The Au coverage is increased by large increments up to ©=100.

quantity of gold causes a strong change in the
LEELS silicon spectrum. The early appearance of
the new structures I, s, —1Is, demonstrates that a re-

action between silicon and gold occurs. The nature
and strength of this reaction require, however,
some further analysis. For example, they could be
limited to the formation of the Au—Si bond at an
abrupt interface or they could correspond to an in-
termixing between the two atomic species. This
analysis will be based in particular on the behavior
of the Auger I,, /I intensity ratio versus gold

coverage (Fig. 11) and on the effects of the anneal-
ing cycle for ©=1 (Fig. 2). We observed in Sec.
III B that the Si LVV line shape is not affected by
gold deposition in the submonolayer region—only
a decrease in intensity is detected. If we use the
equations

Ig=Igle=", 3)
Ip=I3,(1—e=%%) )

for the Si and Au AES intensities versus d, the
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nominal Au thickness, we obtain

IAu
I

~4 e, )

+C I3

In

where Iy and I are the AES intensities of the
cleaved silicon and bulk gold, and C =13’ /1.
The same escape depth L has been used for both

materials. This is reasonable since the Si LVV and
Au OVV Auger lines have nearly the same energy.
In Fig. 15 a plot of In(l, /I +C) is shown. We
used C =0.92, calculated from the Auger data re-
ported in Ref. 20. Small changes of C do not af-
fect appreciably the results that follow. The plot
of Fig. 15 exhibits a linear behavior, a}nd from its
slope we find L =3.7+0.8. The 0.8-A uncertainty
in L is due essentially to the difficulty in evalua-
ting the Au Auger amplitude at small coverages
and to an uncertainty of 109% in the Au thickness.
For comparison, the escape depth of Au at a kinet-
ic energy of 70 eV is ~4 A (Ref. 21) and that of
silicon is ~5 A (Ref. 22) at nearly the same kinetic
energy. The uncertainty in L does not enable us to
evaluate an intermixing between Au and Si atoms
less than 5%. Within this limit we can state that
at © <1 we have a Au uniform growth and an
abrupt junction occurs between gold and silicon
(see also Ref. 11). In fact, a much higher value of
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FIG. 6. LEELS spectra for ©=20 at RT and after different 30-min annealing steps at different temperatures. The

top left spectrum is that of clean cleaved Si(111)-(2X 1).
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FIG. 7. Energy position of LEELS features for
© =20 after different annealing steps at different tem-
peratures. Dots on solid lines indicate interface losses.
The feature around 5 eV becomes degenerate with the Si
bulk loss E, and cannot be unambiguously interpreted as
an interface loss nor as a Si bulk loss.

L should be obtained from Eq. (3) in the case of
strong intermixing or island formation. Note that
the exponential behavior of Egs. (3) and (4) is still
a good approximation in the submonolayer region.
In fact for d—0

Inn/Is~Cd /L , 6)

i.e., a linear behavior. A best fit of Eq. (6) to the
experimental results (inset of Fig. 11) gives L =3.5
A. This value coincides within the experimental
uncertainty with the value L =3.7 A given above.
The hypothesis that at very low coverages no inter-
mixing occurs is independently confirmed by the
stability of the interface with temperature. Figure
2 shows that an annealing cycle up to 500°C does
not change the peak positions in the LEELS spec-
trum. Large changes are seen instead for the
higher coverages (see Figs. 6 and 8). One should
observe that this interface has a heat of reac-
tion?>?* AH, =0 (AHj is the difference in heat of
formation between bulk silicon and the Si-Au com-
plex). High negative values of AHy correspond to
strong reactivity between semiconductor and metal.
In Ref. 23, for example, a link has been reported
between the interface width and AHy. Stronger

reactivity, i.e., larger negative AHy’s corresponds
to thinner interfaces. In our case it seems that
gold shows a different behavior at very small cov-
erages (@ <1 ML). Its strong reactivity is con-
firmed by Auger analysis and by the appearance of
new LEELS features (Fig. 2) that are not due to
the bulk semiconductor nor to the bulk metal.”

Similar conclusions were reached in Refs. 11, 12,
and 13 on the basis of Auger analysis, electron mi-
croscope observations, and ion backscattering ex-
perimuents. In Ref. 11 a critical Au thickness limit
(~5 A) was reported above which the interdif-
fusion begins. Silicon disruption is explained there
as due to the screening by metal electrons of the
Coulomb interaction between silicon atoms—for a
metal-like behavior the Au overlayer should have a
thickness above 5—10 ML. This explanation,
however, fails for the Si-Ag interfaces where no in-
termixing occurs at any Ag coverage at RT.?® Its
validity for Si-Au is therefore questionable since
these two interfaces should have similar properties.
The Si-bond disruption is better explained by the
formation of bonds involving Sisp and Ausd elec-
trons. We shall see later that the Sisp —Ausd hy-
brid bonds in the Au-Si alloy phase are deep
enough in the valence band to explain a preferen-
tial formation of Au—Si bonds. It remains to be
explained why this mechanism starts after a certain
Au thickness limit. From our experiments we can-
not establish exactly what this limit is. Since at
©=2 we begin to see changes in the Si LVV Auger
line shape, we estimate the limit to be approxima-
tively 2 ML.

The loss peaks like those of Fig. 2 (peaks I s,

through Is,) could be due, in general, either to

single-particle excitations or to localized plasmons.
In the latter case the three media, silicon, gold, and
vacuum, can be described by the following dielec-

tric functions®”:

(023‘ >

P P Au

Ei(w)=14+—"—, €z low)=1—
A?—p? ! w*

e,=1,

where fiw, 5;=17 eV and fiw, o,=9 €V are the
bulk-plasmon frequencies and A accounts for the
deviation from the free-electron gas behavior. We
are making the hypothesis that gold atoms do not
interdiffuse up to 1 —2 ML and that the dielectric
constant of the metallic film is still that of bulk
gold. Using €g;(0)=12 we find A?=26.3, and the
interface-plasmon frequencies can be calculated
from the relationships®*’ =2 €g;= —é€,, and
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FIG. 8. LEELS spectra for ©=100 at RT and after different 30-min annealing steps at different temperatures. The

top left spectrum correspond to the clean cleaved Si(111)-(21).

€su= —1. The three solutions are 2.3, 14.3, and
6.4 eV, respectively. Only the first of these solu-
tions is close to an experimental loss peak, i.e., I, s,

peak. This indicates that mostly one-electron tran-
sitions are responsible for the new LEELS features.
On the other hand, the detailed nature of these
transitions cannot be determined without band-
structure calculations.

Note that in Figs. 2 and 3 the losses I, and I,
result from an increasing splitting of the surface-
plasmon peak with increasing Au coverage. This
splitting can be explained by a simple model calcu-
lation®® in the framework of the dielectric scatter-

ing theory under the assumption that the localized
gold —silicon bonds give rise to a LEELS feature
nearly degenerate in energy with the surface-
plasmon loss. In the energy region of interest the
silicon dielectric function can be approximated by
€si(@)=1—w), /w?, where fiw, =17 €V, and the
gold-induced transition can be described by

€au,i =Awf\u,,-6/(w§m,,-—w2—ia)l‘), where 4, way,;
O, and T are the oscillator strength parameter,
gold-induced transition frequency, Au coverage,
and broadening parameter. Here we used a
coverage-dependent oscillator strength under the
reasonable assumption that increasing © would
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also proportionally increase the oscillator strength
of gold-related transitions. The right-hand side of
Eq. (2) now becomes

'/
and in the simple case of I'=0 the .¥ g, has
maxima when
2 2
1) Awp, O
2L 4 S o, @)

2
(02 DAy, — O

2 2
Cz)p AwAu,,-e
2——5+—

) Opy ;i —0 —iol

A best fit of Eq. (7) to the experimental results
gives the two solutions reported as dashed lines in
Fig. 3 with 4A=0.3 and #iw,, ; =11 €V.

B. High Au coverages (6> 1)

A new physical situation can be inferred by the
evolution of LEELS spectra for © > 1, Sec. IIT A.
Here, more new structures are appearing (see Fig.
4), the origin of which is completely different from
that of the submonolayer features. Peak B appear-
ing at ©=>5 in Fig. 4 grows simultaneously to the
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FIG. 10. Low-energy Auger spectra of clean cleaved
Si(111)-(2% 1) and of the same surface covered with dif-
ferent Au thicknesses.

splitting of the Si LVV Auger peak shown in Fig.
10. The existence of this silicon doublet indicates
that silicon atoms are forming new bonds with
gold atoms. The difference with the submonolayer
case is that there the new structures coexist with
the bulk-silicon LEELS features, while at © > 1 the
spectral features are characteristic of a completely
new compound with no bulk-Si contributions. The
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FIG. 11. I, ovr/Is; Lyv Auger intensity vs ©. The
submonolayer range of this plot is shown in the inset.
The solid line in the inset is the best fit of Eq. (6) to the
experimental results.
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FIG. 12. Low-energy Auger spectrum at © =20 and
after annealing steps at different temperatures. The top
left spectrum corresponds to the clean cleaved Si(111)-
2x1).

splitting of the Si LV¥V Auger line has been report-
ed for similarly prepared systems®~!! as well as for
a Si-Au alloy formed by quenching.?! We con-
clude that for ©=35 an intermixing has occurred
between silicon and gold. Peak B in Fig. 4 is the
only feature that changes in energy for increasing
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FIG. 13. Auger line intensity ratio, Is; k11 /I oy Man»
for ©=20 and 100 and Is; ;yy /I oy ovy for ©=1 vs an-
nealing temperature.
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FIG. 14. SEM picture of a sample with 100 ML of
gold annealed at 400°C for 30 min.

Au thickness. Its energy dependence is explained
by a dilution of the silicon-atom concentration in
the Au-Si alloy for increasing ©. This dilution is
inferred from the behavior of the I, opy/Isi Lyv
Auger intensity ratio, Fig. 11. A similar shift was
observed*? in the onset of interband transitions in
€;(w) for amorphous gold-silicon alloys of different
compositions. If we locate the onset of the inter-
band transitions at the energy for which the €;(w)
behavior deviates from that of the Drude equation
(see Figs. 1 and 2 of Ref. 32) we obtain a shift
from 3.5 eV for Auy 15Sig 25 to 2 eV for a nearly
pure gold. The onset of interband absorption in
both liquid*? and solid** gold is associated with
transitions from the upper d band to the Fermi
level. The shift of the onset of interband transi-
tions in the Au-Si alloys toward that of pure gold
indicates that the shallowest d electrons are those

0.2t

0 04 08
8CML)

FIG. 15. Plot of In(I,/I5+C) vs ©. The slope of
the straight line gives an escape depth L =3.7 A.
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primarily involved in the bond formation with Sisp
electrons. This conclusion is confirmed by the
shift of peak B towards its pure-gold position, 2.5
eV, and by its changing in energy for increasing
O’s (see Fig. 4), while all other features remain un-
changed. These results are in agreement with the
outcome of the theoretical calculations performed
by Bisi and Calandra® for the cubic 8-phase
Au;Si, which under certain conditions has been
found in thin-film deposition after thermal treat-
ment.” According to their conclusions, the d
states, which in the pure metal lie around 2 eV
below Ep, are moved to higher binding energy by
hybridization with Sisp states, so that the d band
in the silicide is located between 3.5 and 8 eV
below Er. Only minor d-electron structures are
found in the density of states between Er and —3
eV. This indicates that electronic transitions in-
volving d states as initial states are expected to
shift to lower energies upon increasing metal con-
tent in the silicides, as a consequence of increased
interaction between d states and of the minor role
played by the Sip —Aud hybrides. This trend can
be related to the shift of peak B in our results (see
Fig. 4) for increasing gold content in the Au-Si al-
loy. Similar theoretical conclusions confirmed by
UPS and Auger measurements were found by Ho
et al.’6 for the Pd-Si system. We emphasize that
the overall features of the chemical bonds for
Pd,Si compound are quite similar to those for the
amorphous Pdg;Si;o metallic glass.’” This con-
firms the validity of our present approach using
theoretical results for single-crystal silicides to in-
terpret experimental results for Si-Au alloys. A
correlation can be assumed to exist between the en-
ergy position of peak B at different © and those of
the onset of interband transitions measured by op-
tical experiments for different x composition of the
Au,_,Si, amorphous alloy.*? Using this correla-
tion, we find that the first measurable energy posi-
tion of B, 3.7 eV, corresponds to x =0.25, i.e., to a
composition Aug 75Sig 55 close to the eutectic

Auy g;Sip, 19 composition. This result confirms the
hypothesis by Ottaviani et al.*® that the eutectic
composition plays an important role in the early
stage of formation of metal-semiconductor inter-
faces. The energy shifts of peak B shown in Fig. 5
indicate that the alloy composition varies with Au
thickness, reaching a saturation value at © ~20.
This value gives an estimate of the alloy-phase
thickness, which agrees with the results obtained
by UPS (Ref. 2) and by Auger depth profiling.>—*
Above © =20 the observed LEELS spectra be-

comes Au-like even though the low-energy Auger
spectra (Fig. 10) show the silicon doublet up to 100
ML. The saturation of the I, opy/Isi Lyy Auger
intensity ratio (Fig. 11) above © ~20 indicates that
the silicon doublet observed up to © =100 is due to
a second silicon-gold mixed phase at the outer sur-
face. The thickness of this phase has been evaluat-
ed by Auger depth profiling’—* to be of the order
of 1—2 ML. It does not affect, however, the Au-
like LEELS spectrum obtained for ©=100. In
fact, all structures B—F may be explained by
pure-gold loss-function features calculated by the
Kramers-Kronig transform of the optical reflec-
tivity data.*® For comparison, in Fig. 16 both
—Im[1/€e(E)] and —Im[1/€e(E)+ 1] for pure gold
are reported together with the measured LEELS
spectrum relative to © =30.

We have seen in Sec. III that the effects of an-
nealing are completely different for different Au-
overlayer thicknesses. In particular, we observed a
strong difference between the 1-ML coverage and
higher coverages. For ©=1 the LEELS spectrum
does not change with annealing. The Auger inten-
sity ratio Ig; ;yy /I Ay opy (Fig. 13) also remains
constant. We already emphasized that this result
provides evidence for a stable electronic and struc-
tural configuration at ©=1 coverage. In contrast,
the annealing cycles for © =20 and 100 completely
reestablish the ©=1 LEELS spectrum. The spec-
tra corresponding to the last step of each annealing
cycle are reported in Fig. 17. The explanation for
this similarity is that for high coverages the an-
nealing process creates Au islands. The regions be-
tween islands are large in size and give the main

-Im[1/Ce+N]

10 ' 20
ECeV)
FIG. 16. Comparison of LEELS spectrum obtained
at © =30 with the bulk and surface loss functions of
pure gold.
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FIG. 17. LEELS spectra obtained after the last an-
nealing step for three different Au coverages: 1, 20, and
100 ML. Stars indicate interface losses.

contributions to the LEELS spectra. The structure
and the electronic properties of the regions between
islands are similar to those of Si covered by 1 ML
of gold. The islands have been detected for
©=100 by SEM analysis, as reported in Fig. 14.
The steep rise of the I's; k17 /Ia, yyy Auger inten-
sity ratio between T'=350 and 450°C reported in
Fig. 13 for ©=20 and 100 gives an indication of
the temperature range in which the islands begin to
grow. In the Au-Si phase diagram® the equilibri-
um phase is formed by the separated phases of
pure silicon and gold. Thus the temperature effect
on island formation is due to the transition from a
nonequilibrium mixed phase to the eqiulibrium
phase. This conclusion is also evident from the
low-energy Auger line shape shown in Fig. 12.
Indeed, in the same temperature range the silicon
doublet again becomes a single silicon peak coexist-

ing with the gold peak. Island formation was re-
ported by Otter et al.!> on 30-A annealed Au films
deposited on Si(111) and more recently by Tromp
et al.*! on the Si-Pd system.

V. CONCLUSIONS

The behavior of RT evaporated Au overlayers
on Si is different for two different thickness
ranges. In the submonolayer range the chemical
reaction between silicon and gold atoms is strong
and interface features in LEELS spectra coexist
with the clean silicon structures. The persistence
of all features at the same energy loss after an an-
nealing cycle up to 500°C together with the
behavior of the I, opy/Isi Lyy Auger intensity ra-
tio indicate that the system is extremely stable and
that gold does not interdiffuse with silicon at low
coverage. Interface losses are interpreted as one-
electron transitions. At higher coverages the split-
ting of Si LVV Auger peak shows that the Si—Au
bond formation affects the silicon valence-band
states. The new situation corresponds to the for-
mation of a Si-Au alloy phase. We have shown
that this phase has not a unique composition but it
becomes increasingly Au-rich at larger coverages.
The thickness of the alloyed phase was estimated
to be ~20 ML. Beyond this thickness essentially
pure gold is deposited. The effect of annealing for
high coverages shows large differences with respect
to 1 ML. The LEELS spectrum changes com-
pletely, and at the end of each annealing cycle all
features of the © =1 spectrum are recovered. The
evolution of the low-energy Auger peaks and of
their intensity versus annealing temperature and a
SEM analysis indicate that the annealing causes is-
land formation. This temperature effect is a tran-
sition from a nonequilibrium phase (alloyed phase)
to an equilibrium state consisting of separated gold
and silicon phases.
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