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Glassy films of Au-Si alloys were produced by nanosecond laser quenching in the composition
range from 25—93 at. % Si. Reflection and transmission coefficients as well as electrical conductivi-
ty were measured from 1.4 to 5.4 eV. The complex dielectric function, obtained from Kramers-
Kronig analysis, is presented. The optical properties of the Au-Si system over the whole phase dia-
gram can be described using a Lorentz-Drude model with a free-electron term and a single-resonance
bound-electron term. We conclude that two electronic transitions occur in the system: Si switches
between the metallic and the semiconducting state at about 30 at. % Si, whereas Au switches from

the metallic to a dielectric state at about 85 at. % Si.

These two transitions of the constituents

separate three regions of markedly different electronic behavior in the alloy.

I. INTRODUCTION

Glassy alloys offer the possibility to study the ways in
which unmiscible atomic species influence each other
when in close contact. The system Au-Si at its eutectic
composition (19 at. % Si) is a well-known glass former by
splat cooling. However, the glass forming ability of a
mixture is known to decrease if the composition is
changed away from the eutectic. This limits the composi-
tional range of glasses available by mechanical melt
quenching to a range close to the eutectic.

Laser quenching with its much higher cooling rate' en-
ables glass formation from the liquid state over most of
the Au-Si phase diagram. Glassy phases in the composi-
tion range between 9 and 91 at.% Si have first been
demonstrated by von Allmen et al.> This for the first
time enables a study of melt-quenched Au-Si over the en-
tire range of compositions. This is the objective of the
present investigation.

Vapor quenching has previously been used to produce
Au-Si amorphous phases over most of the phase dia-
gram.>~7 These investigations have shown that in metal-
rich amorphous alloys of Si with Au (as well as with other
noble metals) the Si atom is in a metallic state, as demon-
strated by Hiraki et al.® The same behavior was found for
Ge by Stritzker and Wiihl.” Mangin et al.* pointed out
that the Au-rich alloys have a close-packed metallic struc-
ture. The optical and electrical properties of Au-rich al-
loys have been investigated by Hauser et al.* and Hauser
and Tauc.’ The metal-semiconductor transition in the Si-
rich alloys was investigated by Hauser et al.® and also by
Nishida et al.” and by Morigaki.'”

For the Si-rich alloys (Si concentration > 50 at.%)
there are, as will be shown below, marked differences be-
tween our optical results and those of Ref. 4. We believe
that these differences reflect different structural properties
of the vapor-quenched and melt-quenched phases. It may
be pointed out that vapor-quenched Si-rich “glasses” show
higher crystallization temperatures® (140°C at 50 at. % Si
and 200°C at 85 at.% Si) than liquid-quenched ones
(below 100°C from 25 to 85 at. % Si).2 On the other hand,
Hauser et al. showed® that for compositions between 15
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and 40 at. % Si the electrical conductivities are quite simi-
lar in the liquid and in the (vapor-quenched) amorphous
state.

II. EXPERIMENTAL PROCEDURE AND RESULTS

Samples were prepared by electron-gun deposition of al-
ternating layers of Au and Si onto sapphire substrates in a
vacuum better than 10~7 mbar. The thicknesses of the in-
dividual layers were chosen such as to yield the desired
mean composition after laser melting and interdiffusion.
In order to ensure homogeneous mixing, individual layers
were made no more than 30 nm thick. Overall thickness
was about 200 nm. These structures were irradiated with
30-ns pulses from a Nd:YAG (yttrium aluminum garnet)
laser. With these parameters relevant cooling rates are of
the order of 10'° K/s.!

The amorphousness was established by both x-ray dif-
fraction and conductivity measurements. Glasses of Si-
rich composition are stable at room temperature, whereas
Au-rich ones tend to recrystallize and must be kept at re-
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FIG. 1. Measured reflectivities of laser-quenched glassy Au-
Si films. The pure elements were vapor deposited; Au is crystal-
line while Si is amorphous.
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FIG. 2. Measured electrical conductivity of glassy Au-Si
films. The following symbols are used: @, laser quenched (this
work); B, laser quenched by von Allmen (Ref. 13); V (Ref. 3)
and A (Ref. 6), vapor quenched; Q, vapor quenched Au, deposi-
tion temperature 25 K (Ref. 14), O, liquid Au extrapolated to
room temperature (Ref. 16). The dashed line was calculated
from the optical properties using Eq. (8).

duced temperature. Some samples were annealed to in-
duce crystallization before measurement. Measurements
of reflection and transmission coefficients were performed
with a spectrophotometer Cary 219 at photon energies
ranging from 1.4 to 5.4 eV. The Si-rich films have low
absorption, and measured reflection values were corrected
for interference effects using the exact formulas.!! Elec-
trical conductivity was measured with a four-point probe.

Figure 1 shows reflectivity spectra for various glass
compositions; also included are spectra for pure Si (amor-
phous, vapor deposited) and for pure Au (crystalline). A
spectrum of liquid Au, extrapolated to room temperature
might be more appropriate, but since the optical properties
of solid and liquid Au do not differ significantly, as re-
ported by Miller,'? and in order to avoid extrapolation
over more than 1000 K, we always consider crystalline
Au.

Figure 2 shows the dc conductivity o, as a function of
composition for the same films; also included are the first
measurements of laser-quenched Au-Si glasses by von All-
men and Mienpii'® as well as measurements of vapor-
quenched amorphous phases by Mangin ef al.® and
Hauser et al.® The conductivity of amorphous Au was
given by Hauser et al.!* They used getter sputtering in He
gas at a temperature of 25 K. Similar measurements were
performed by Swenumson and Even.!* For comparison a
value for liquid Au, extrapolated to room temperature'® is
also given. Three regions with strongly different slopes of
conductivity versus composition can be distinguished in
Fig. 2; in the medium composition range the conductivity
is roughly constant at about 5 10° (Q cm)~!. The dashed
line was calculated from the optical properties as
described below.

III. MODELING OF THE DIELECTRIC FUNCTION

In this section we analyze the data of Fig. 1 on the basis
of various models of the Au-Si system. Perhaps the sim-
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FIG. 3. Reflectivity calculated from a linear combination of
the dielectric functions of pure (crystalline) Au and pure (amor-
phous) Si.

plest possible model consists in neglecting any interaction
between the Au and Si atoms. We thus write the dielectric
function for a film of given concentration x as a linear
combination of the dielectric functions of the elements

elw)=xe€g(w)+(1—x)es,(@) , (1)

where x is expressed in atomic fraction of Si. The dielec-
tric function of pure amorphous Si to be used in (1) was
measured separately. The dielectric function of crystalline
Au was calculated from reflectivity data reported by Ack-
ermann et al.'” The reflectivity can be calculated from

C1-[2e+ €)1+ €]
1+[20e,+ | €))%+ |€e] '

(2)

where | €| =(€l+€3)'/% €,=Reg, and €, =Ime.

Figure 3 shows a few such calculated spectra. By com-
paring with Fig. 1 we note that one important feature of
the measured spectra, the occurrence of a reflectivity
minimum and its shifting to lower energies with increas-
ing Si content, is correctly described by this simple model,
although the actual relaxation times are smaller than those
predicted. However, particularly for compositions of less
than 50 and more than 80 at.% Si, agreement with the
linear model [Eq. (1)] is quite poor. For annealed samples
with a phase-separated crystalline equilibrium structure
the agreement, as expected, is much better.

In order to get a better description we use a classical
(Lorentz-Drude-type) expression for the dielectric func-
tion, with electron densities and damping constants that
are fitted to the measured reflectivity curves. We allow
for electrons in three different states: free electrons, elec-
trons in the d band of Au, and electrons in virtual bound
states (VBS) contributed by Si. According to this we write
for a given composition

elw)=€ew)+€(wi+8e(w) . A3)

Here €’ is the contribution of the electrons in the VBS and
¢/ the free-electron contribution. 8¢ describes the influ-
ence of the Au d band. These three terms in (3) are
described as follows.
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In the VBS model the optical properties of the Si atoms
are described by equivalent Lorentz oscillators.'® In con-
trast to the behavior of pure crystalline Si where two signi-
ficant resonance peaks at 3.4 and 4.3 eV are observed'’
there is only one strongly damped resonance (at 3.4 V) in
amorphous Si, as demonstrated by Pierce and Spicer®® and
confirmed by our own measurements [see Fig. 6(b) below].
In our Au-Si glasses we will thus describe the Si atoms in
terms of the VBS model with the resonant state at 3.4 eV,
which corresponds to the direct bandgap of Si. The bound
electron density and the damping constant are treated as
parameters.

Free electrons are described by a Drude term with the
electron density and the relaxation time as parameters.

The d band of Au modifies the free-electron reflectivity
in two ways: First, it screens the plasma oscillation; pro-
vided the screened plasma frequency a); is lower than the
onset of interband transitions from the d band, we have?!

(0 2= 4rrne? 1
P my 1+48€(0) ’

4)

where n is the free-electron density and m, the free-
electron mass. 8€(0) denotes the d-band correction below
the onset of interband transitions, where it is real. Second,
at frequencies above the onset of transitions from the d
band into the conduction band the free-electron density is
increased by the extra electrons and hence the reflectivity
is higher than expected from the free-electron density at
low energies.

The d-band correction de(w) for pure crystalline Au
was determined empirically from the reflectivity data
given by Ackermann et al.!” and others.?? The procedure,
as described by Ehrenreich and Philipp,2! requires the
knowledge of the dielectric function in the infrared, far
below the onset of d band transitions. Such measurements
were not available for our Au-Si glasses, and the d-band
correction was estimated using the fitting procedure dis-
cussed below. This showed that its inclusion was only ap-
propriate for pure Au. Hence we will further omit the d-
band correction for x > 0.

Equation (3) can now be written as

* *
4re? np ng

mg wé_mz—ir(g _w(a)+i/r)

elw)=1+ , (5)

where n; is the effective density of electrons bound in the
VBS, T the damping of this resonant state, n; the effec-
tive density of free electrons, and 7 the relaxation time of
the free electrons. Effective densities are defined as

n*=nmy/m* , (6)

where m* is the effective mass. Curve fitting is now used
to extract values of nj, nf', I', and 7 from the experimen-
tal curves of Fig. 1.

This model turns out to describe the system Au-Si very
accurately over the whole phase diagram. The mean devi-
ation between the fitted model and the measured reflec-
tivity is about 2.5%. The agreement is somewhat better in
the ranges from 0—50 at. % Si and from 90—100 at. % Si
than in between. Figure 4 shows measured and theoretical
reflectivities for 25 and 50 at. % Si as typical examples.
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FIG. 4. Comparison between measured and fitted reflectivi-
ties of glassy Au-Si films. Full lines are measurements; dashed
lines are fit with Eqgs. (2) and (5); dotted lines are fit including
d-band correction of pure Au weighted with Au concentration.

The full lines represent the measurements. The dashed
lines are calculated from Eq. (5). The dotted lines show
the best fit available if the d-band correction ¢ for pure
Au, weighted with the Au concentration, is added to (5).
As this correction seems inappropriate, we drop the d-
band correction, as mentioned above.

Figure 5 shows the effective densities n; and n'f' of
bound and free electrons, respectively, as a function of
concentration as obtained from the fitting procedure. The
values adopted for the pure elements were chosen accord-
ing to the following considerations.
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FIG. 5. Effective bound- and free-electron densities of glassy
Au-Si films, extracted from fitting Egs. (2) and (5) to the mea-
sured reflectivity. Open symbols denote a sample which was an-
nealed to induce crystallization.
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In the case of pure Au n, is assumed to be zero. The
free-electron density in the liquid state was determined to
be exactly the atomic density, 5.9 10*2 cm ™3, as reported
by Kiinzi and Giintherodt.”* Since the liquid state is simi-
lar to the glassy state we adopt this value for ny. Inciden-
tally the value determined from the optical data of crystal-
line Au (Refs. 17 and 22) is very close, 5.7 X 10*? cm 3,

In the case of pure Si our optical measurements of
vapor-deposited films lead to a value of ny of about
1x 102 em™3, i.e., two electrons per atom.2* The effective
density of free electrons nf is assumed to be zero.?® This
was verified by fitting expression (5) to the pure Si reflec-
tivity.

IV. KRAMERS-KRONIG ANALYSIS

As a further result of the above-mentioned fit, the
dielectric functions of the glassy Au-Si films were deter-
mined by a Kramers-Kronig analysis, using Eq. (5) with
the fitted parameters for a reliable extrapolation. The fol-
lowing equation was used to calculate the complex dielec-
tric function:

d

ZlnR (2)dz , (7)

I
2T YO0

Z4+w
Z—w

O(w)=

where O(w) is the phase of the reflected wave, and R (z)
the reflectivity as a function of frequency. From O to 1.5
eV and from 5.4 eV to oo, R(z) was extrapolated with the
aid of Egs. (2) and (5). Figures 6(a) and 6(b) show the
complex dielectric function € of Au-Si for several compo-
sitions (full lines); Ree is shown in Fig. 6(a) and Ime in
Fig. 6(b). The dashed lines were directly calculated from
Eq. (5) with the fitted parameters. The curves for pure
crystalline Au were calculated from extended measure-
ments by Ackermann et al.'’ and others’? in order to
avoid the need for extrapolation. The dielectric function
was then compared with the results of Lisser and Smith?®
and Aspnes et al.?’ to test the integration procedure. No
significant deviation was detected.

From the imaginary part of the dielectric function, as
shown in Fig. 6(b), two main features of the system Au-Si
can be seen. First, the d band of Au causes two peaks in
the imaginary part of the dielectric function for pure Au,
as shown in Fig. 6(b) (topmost). Interband transitions set
in at about 2 eV. However, the influence of the d band
disappears when 25 or 50 at. % Si is added. This may be
due the the fact that the onset of interband transitions is
shifted to higher energies, as Hauser et al. suggested.*
Second, resonance absorption by the virtual bound state of
Si becomes dominant for concentrations higher than about
40 at. % Si. With further increasing Si concentration this
resonance seems to split, as suggested by the shape of Ime
for 75 and 90 at.% in Fig. 6(b). We cannot presently
offer a physical explanation for this behavior.

V. DISCUSSION

The fitted Lorentz-Drude model expressed in (5) has
been shown to describe the optical properties of the system
Au-Si very well. On physical grounds, the behavior of the
effective electron densities shown in Fig. 5, as well as the
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FIG. 6. Complex dielectric function of glassy Au-Si films, (a)
real part and (b) imaginary part. The solid lines are calculated
with Kramers-Kronig analysis and the dashed lines were calcu-

lated with Eq. (5) using the fitted parameters.

0

electrical conductivity oy, as shown in Fig. 2, is dominated
by two transitions in the electronic properties. Starting at
the Au-rich end of the phase diagram, the first transition
occurs at a composition of the order of x,,, =30 at. % Si
(where the nj and o, curves show a kink) and is due to the
Si which behaves as a metal at lower and as a semicon-
ductor at higher concentrations. Such a transition was
also found in vapor-quenched Au-Si at 30 at.% Si by
Hiraki et al.® Further, Mangin et al.’ demonstrated that
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the amorphous Au-Si alloys have a close-packed metallic
structure up to 40 at.% Si while Hauser and Tauc’
showed that above 30—40 at.% the Si atoms become
tetrahedrally coordinated. Au-Si glasses at the transition
concentration x,, have an electrical conductivity of
(5—6)%10° (@ cm)~! in accordance with the value given
by Mooij for the “saturation” conductivity of disordered
metallic alloys.?® The general shape of o, versus composi-
tion on the Au-rich side resembles that found in other al-
loys between a good and a bad conductor, such as Au-Sn
reported by Cote and Meisel.”’ Based on this similarity a
rough estimate for the conductivity of the metallic state of
Si may be obtained by comparing the related systems Au-
Si and Au-Sn: In amorphous Au-Sn the concentration 35
at. % Sn (where Au-Sn shows a minimum of conductivity)
may be considered equivalent to the transition concentra-
tion x,,, in the Au-Si system. At 35 at. % Sn the conduc-
tivity of Au-Sn is lower than that of pure liquid Sn (ex-
trapolated to room temperature) by a factor of 2. Hence
we would expect that the conductivity of the metallic state
of Si is also about twice the value at the concentration x,,,,
or about 1X10* (Qcm)~!. For comparison, liquid Si
which is well known to be metallic has a conductivity (at
the melting point) of 1.2X10* (Qcm)~'*® Further, the
conductivity of the metallic state of Ge in amorphous
Au-Ge alloys was estimated by Stritzker and Wuhl to
1x10* (@ cm)~! (Ref. 9) and that of liquid Ge was re-
ported by Dreirach et al. to 1.5X 10* (Q cm)~!%!

At concentrations larger than x,,; Si behaves as a semi-
conductor and population of the virtual bound state in-
creases; above 60 at. % Si the occupation of the VBS has
reached the line corresponding to two electrons per Si
atom, as shown in the upper part of Fig. 5. Hence be-
tween 30 and 85 at. % Si we have an alloy between a metal
and a semiconductor. Although the Au concentration de-
creases, the free-electron effective density n}‘ as well as the
electrical conductivity o remains roughly constant on al-
loying with silicon as shown in Fig. 2 and in the lower
part of Fig. 5. Above 65 at. % Si the effective density of
free electrons is even higher than the linear interpolation
(dashed line in Fig. 5) predicts. This feature comes out
even more clearly if we calculate the optical conductivity
extrapolated to w =0 according to

2
aom=m;—f;; : 8)
This is shown by the dashed line in Fig. 2. We are thus
forced to the conclusion that around 80 at. % Si the con-
ductivity is much higher for optical than for dc excita-
tions.

If we further increase the Si content of the glassy films,
then we find a second transition at a concentration x,,4 in
the order of 85 at. % Si. This transition may be explained
from two points of view. The first is percolation theory.*
The ?ercolation threshold is expected at about 15 at. %
Au.%* Alternatively, the transition may be viewed as a
change of the Au from a metallic to a dielectric state (in-
verse Mott transition) as it occurs, e.g., in solutions of al-
kali metals in ammonia.>* The reason for this transition,
also known as Anderson transition, is that the overlap in-
tegral of the metal electron wave functions vanishes and
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hence the electrons become localized. The minimum elec-
trical conductivity of a metal before undergoing such a
transition was calculated by Mott’® to about 1000
(@ cm)~!, which agrees quite well with our measurements
(see Fig. 2). If we consider the Si as a mere background
without influence on the mechanism of the transition,
then we can estimate the critical density of Au atoms us-
ing the criterion given by Mott>

U=22m1 . (9)

Here U is the interatomic energy which is approximately
equal to the difference between the ionization potential
and the electron affinity,>> or about 6.7 eV for Au. I is
the overlap integral and z,, is the coordination number of
the metal which is taken equal to 6 over the whole range.
The metal atoms are assumed to have hydrogenlike wave
functions with an atomic radius of 1.35 A.!” For s states
the overlap integral I as a function of the interatomic dis-
tance is given by Slater.’® Using Eq. (9) we find that the
Anderson transition occurs at an interatomic distance
d=8.0 A, corresponding to a concentration of 13 at. %
Au embedded in an amorphous background of Si accord-
ing to

=N (10)

Here N and N, are the atomic densities corresponding to
the interatomic distances d and dy=4.1 A, respectively.
Another criterion for the same phenomenon, given by
Mott, 353

N}a}=0.26, (11)
where N, is the critical atomic density and a}; the empiri-
cal atomic radius.!° This for Au leads to a critical Au
content of 14 at.%.!° These predictions compare favor-
ably with Figs. 2 and 5 from which we would put the
transition somewhere between 85 and 90 at. % Si. We
cannot presently decide whether the percolation theory or
the theory of the Anderson transition is relevant for laser-
quenched Au-Si.

At Si concentrations above 85 at. % the electrical con-
ductivity sharply decreases and the behavior is that of a
heavily doped amorphous semiconductor. It may be men-
tioned that the conductivity of the Au-Si glasses in this re-
gion is smaller by at least 1 order of magnitude than that
of Au-doped crystalline Si.

As mentioned before, some of our optical data differ
from those of Hauser et al.* At a concentration of 50
at.% Si our Au-Si glass shows a distinct reflectivity
minimum (see Fig. 1) resulting in a resonance peak in the
absorption at 3.4 eV [see Fig. 6(b)]. This resonance is also
characteristic of amorphous Si.*° No such peak is found
for the 50 at. % film of Hauser et al., who expect the ap-
pearance of nonmetallic behavior only for films containing
more than 50—70 at. % Si.® This discrepancy may indi-
cate structural differences between the two kinds of amor-
phous structures, but it may also be due to residual com-
positional variations in the laser-quenched films.
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VI. SUMMARY

Measurements of the reflectivity and the electrical con-
ductivity of glassy Au-Si films covering the entire phase
diagram were performed. The complex dielectric function
calculated from Kramers-Kronig analysis is presented.

The optical data are interpreted in terms of a classical
model containing essentially one bound-electron and one
free-electron term. The fitted model reproduces the mea-
sured reflectivity spectra very accurately. Physically, the
variation of the optical and electrical behavior is interpret-
ed in terms of two transitions: a metal-semiconductor
transition of Si and a metal-nonmetal transition of Au.
These transitions occur at concentrations of about 30 and
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85 at. % Si, respectively. Below 30 at. % Si the glasses
behave as metallic alloys, from 30 to 85 at. % Si as alloys
between a metal and a semiconductor, and above 85 at. %
Si as heavily doped amorphous semiconductors.
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