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Intermixing at Au-In interfaces as studied by photoelectron spectroscopy
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Interface reactions were observed by means of synchrotron-radiation-induced photoemission during
the preparation of Au-In bilayers under UHV conditions at 77 K. These reactions lead to thin amor-
phous layers with tunable Au content, spanning the same range of compositions as found for vapor-
quenched amorphous Au,Iny ., alloys. Most importantly, a significant decrease in the electronic den-
sity of states towards the Fermi level is observed in the intermixed phase, giving evidence for a strong
mutual influence between the conduction electrons and the ionic structure during layer growth.

Since the discovery of solid-state amorphization (SSA)
by thermally activated interdiffusion between crystalline
Au and La layers as reported by Schwarz and Johnson,'
considerable experimental and theoretical efforts have
been devoted to trying to elucidate the basic principles of
this type of amorphization which, obviously, has strong
impact on both applied research (e.g., metal-semicon-
ductor systems?) and fundamental studies. For binary
systems, a large negative heat of mixing combined with
an anomalous high diffusion coefficient of one element
within the other is required for a thermally activated
amorphization to occur at temperatures of typically some
hundred °C.>* However, the room-temperature prepara-
tion of Ni-Zr, Ni-Ti,> and Pt-Al (Ref. 6) multilayers, sys-
tems which all show thermally activated SSA, revealed
the existence of thin amorphous interface phases even in
the as-prepared state without any further heat treatment.
In addition, the fabrication of layered structures in the
Au-In system has been reported by Seyffert, Siber, and
Ziemann’'8 to yield intermixed amorphous phases even at
cryogenic temperatures. In contrast to the above-
mentioned examples, this system was found to exhibit a
significantly different behavior because SSA could not be
obtained by long-range interdiffusion of thick multilayers.
Therefore, based on multiple interface reactions at low
temperature, an alternative route into the amorphous
state has been proposed.” Recently, these reactions have
also been observed at Pd-In, Au-Al, and Au-Sb inter-
faces,” 12 suggesting that amorphization at interfaces
should be considered as a rather general phenomenon. In
this paper we report about a synchrotron radiation pho-
toemission study performed on Au-In bilayers at low
temperature (77 K). The emphasis is put on the charac-
terization of these interface reactions through a precise
picture of the electronic structure of the different phases
which form during the step-by-step deposition of Au
(1-13 ML) onto a polycrystalline In film (thickness 20
nm), and vice versa. These results are compared with
photoemission spectra obtained from quench-condensed
amorphous Au,In;y_, alloys and the pure components.

The photoemission experiments were performed at the
synchrotron radiation facility SUPER-ACO at LURE
(France), taking advantage of the Swiss-French undulator
beam line equipped with a plane grating monochromator.
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Using two electron-beam evaporators, the bilayers as well
as the amorphous films were prepared in in situ by vapor
condensation onto glass substrates (roughness: 1 nm) held
at 77 K. The evaporator sources were adjusted to give
growth rates of about 0.01 ML/s controlled by means of
a quartz-crystal monitor. During condensation, the pres-
sure was 5X 107! mbar, a necessary condition for pre-
paring contamination-free samples. All valence-band
spectra were recorded with a VSW 150-mm hermispheri-
cal analyzer using a combined energy resolution (elec-
trons and photons) between 130 and 230 meV (full width
at half maximum).

Figure 1 shows a series of angle-integrated valence-
band spectra taken at 65-eV incident photon energy after
the sequential evaporation of Au onto a freshly prepared
polycrystalline In film. According to density-of-states
(DOS) calculations,'® the valence-band structure of pure
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FIG. 1. Valence-band spectra of the Au-In overlayer system
for Au coverages up to 13 ML (solid lines). The binding energy
is referred to the Fermi level E.
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In (lowest curve) can be understood as consisting of two
subbands, In 5s and In 5p, centered at binding energies of
about 5 and 0.7 eV, respectively. After the deposition of
0.9 ML of Au, the electron distribution curve is dominat-
ed by two nearly symmetric peaks, corresponding to the
Au 5d;,, and Au 5ds,, bands, respectively. By increas-
ing the amount of adsorbed Au atoms, systematic trends
in the development of the curve shape can be recognized:
while the Au 5d;,, band moves slightly to lower binding
energies for Au coverages up to 6.1 ML, a significantly
larger shift can be observed for the Au 5d5,, band,
reflecting a continuous increase in the total bandwidth of
Au-derived d states. After depositing 13 ML of Au the
band shape drastically changes: now the results are close
to those obtained from a 10-nm-thick Au film which is
assumed to represent the bulk properties of polycrystal-
line Au. Hence the adsorption of 13 ML of Au onto
polycrystalline In reflects the initial growth of pure (poly-
crystalline) Au. This is in contrast to the behavior for
coverages =6.1 ML where, according to resistance mea-
surements on Au-In bilayers,® an intermixed amorphous
alloy will be expected.

In order to characterize the growth mechanism during
the first stage of interface formation in more detail,
vapor-quenched Au, In;o_, films have also been studied.
At cryogenic temperatures, these films are well known to
exhibit an amorphous structure for Au concentrations
between 20 and 60 at. %.'* In Fig. 2 a series of valence-
band spectra taken on amorphous Au,In;y_, alloys are
presented (solid lines) together with data measured for
the pure components (dotted lines). By analyzing the
evolution of the band shape as a function of composition,
similar tendencies as in Fig. 1 can be recognized.
Whereas the Au 5d;,, band position remains nearly con-
stant over the whole range of compositions, a significant
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FIG. 2. Valence-band spectra of vapor-quenched amorphous
Au,In g, alloys (solid lines).
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shift toward lower binding energies can be detected for
the Au 5d5,, band indicating, as in Fig. 1, the continuous
increase in the total bandwidth of Au-derived d states.
Simultaneously, nearly symmetric peaks can be observed
for the emission form the Au 5d band, comparable in
shape to the results shown in Fig. 1 for Au coverages
<6.1 ML. The striking similarity between the electronic
structure of amorphous Au,Inz_, alloys and of the in-
terface layer provides the evidence that Au atoms depos-
ited at 77 K on top of polycrystalline In will be strongly
chemisorbed, and will result in an intermixed alloy with
disordered structure for Au coverages up to about 6 ML
(corresponding to 1.5 nm).

More details about the growth of the amorphous layer
can be extracted from the observed shifts. In Fig. 3(a) the
binding energy values of the Au 5d5,, band maximum
are given as a function of the Au overlayer thickness D,
[evaluated from Fig. 1, left scale in Fig. 3(a)] and the Au
concentration X [evaluated from Fig. 2, right scale in Fig.
3(a)]. Solid lines have been added as a guide to the eyes.
Obviously, the chemisorption of Au atoms onto In leads
to a monotonic decrease of the binding energy of the Au
5ds,, band, thereby indicating a steadily rising Au con-
tent of the intermixed phase during film growth. This is
in contrast to previous suggestions, where a single com-
position has been proposed [Au:In=1:2 (Ref. 8)]. By re-
lating the binding-energy shifts of both systems, a rough
estimate of the effective Au concentration X4 of the in-
termixed layer can be obtained. This leads directly to an
estimate of the In contribution D 4 1, to the reacted layer
by combining X . with the corresponding D,, values.
The results are presented in Fig. 3(b), showing that X 4
(right scale), for an overlayer thickness of about 6 ML
reaches a value of approximately 60 at. %, which coin-
cides with the maximum Au content of the homogeneous
amorphous phase [X =60 at. % (Ref. 14)]. Simultane-
ously, D.gy, (left scale) does not vary with D,, within
the estimated error bars, implying a nearly constant In
contribution to the intermixed phase of approximately
4-5ML.

Based on resistance measurements, interfacial reactions
at low temperature have also been reported in the case of
In atoms deposited on top of polycrystalline Au.® How-
ever, the amorphization processes have been ascertained
to saturate at overlayer thicknesses of 1.1 nm (corre-
sponding to a nominal thickness of 3.7 ML), i.e., at a
significant lower value as compared to the chemisorption
of Au on top of In. This different behavior should also be
visible in a photoemission experiment, allowing a further
critical test of the idea that an amorphous phase will
form at interfaces even at low temperature. Figure 4
shows the valence-band spectra of the corresponding In-
Au interface, prepared by sequential evaporation of In on
top of polycrystalline Au. Again the electronic structure
of the obtained interface layer clearly indicates a strong
reaction of the In atoms with the Au substrate film. Dur-
ing the depositing of In at 77 K the Au 5d5,, band under-
goes a significant shift at higher binding energies, reach-
ing a stable position (=5.1-5.2 ev) at an In coverage
Dy, ~4 ML. The formation of an amorphous intermixed
layer, which can be concluded from the results reported
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FIG. 3. Analysis of relevant
parameters during interface for-
480 mation: (a) Position of the Au
5ds;,, valence-band maximum
plotted as function of the Au
overlayer thickness D,, (eft
axis), and the Au concentration
of the vapor-quenched amor-
phous alloys X (right axis), re-
spectively. Solid lines have been
added as guide to the eye. (b)
Estimated values for the average
+420 Au concentration of the inter-
b) mixed phase, X. (right axis),
and the effective thickness of the
do In contribution to the reacted
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so far, is now accompanied by the presence of a certain
amount of unreacted polycrystalline Au as indicated by
the existence of a shoulder at binding energies of =3 eV.
Despite the detection of unreacted Au, the growth of the
amorphous interlayer can be discussed as a continuous
decrease of the effective Au concentration, reaching its
minimum value of =20 at. % [see Fig. 3(a), right scale]
for an In coverage of about 4 ML, which agrees fairly
well with the number quoted in Ref. 8. For higher cover-
ages the growth of an additional third component, poly-
crystalline In, becomes evident from the development of
the band shape near the Fermi level. Again the thickness
of the intermixed layer is found to be limited due to an
effective Au content which reaches the boundary condi-
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FIG. 4. Valence-band spectra of the In-Au overlayer system
for In coverages up to 13 ML (solid lines).
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=X =60 at. % (Ref. 14)].

Based on the observed strong similarities between the
interlayer results and the data of quench-condensed
amorphous films, one might expect that other electronic
effects should also be relevant for the intermixed phase,
which are known to be of basic importance for the form-
ing ability of this type of alloy (noble metal/polyvalent
element). This class of alloys, which has been identified
by Haussler as a Hume-Rothery phase with an amor-
phous structure,'* exhibits remarkable interrelations be-
tween electronic and ionic structures (for a review, see
Ref. 15). Briefly, the ionic structure is observed to de-
pend strongly on the average number of conduction elec-
trons per atom (which can be modified by alloying), lead-
ing to strong medium-range order in the amorphous
phase due to atomic positions which correspond to
Friedel minima in the effective interatomic potential.
This, on the other hand, has been demonstrated!® to give
rise to a pseudogap or structure-induced minimum in the
density of states (MDOS) of conduction electrons near
the Fermi level, lowering the total energy of the electron-
ic system as compared to a free-electron model, thereby
stabilizing the amorphous phase as originally proposed
by Nagel and Tauc.!”

Assuming that this description is also relevant for the
amorphous interlayer, a pseudogap is to be expected at
the Fermi level as long as amorphization processes are
observed. Indeed, such a behavior can be seen in Fig. 5,
where the low-binding-energy range has been plotted on
an enlarged scale for the homogeneously intermixed lay-
ers (Au on top of In). Obviously, a significant decrease of
the DOS curves toward the Fermi level is detected (shad-
ed area), which is more pronounced for higher Au cover-
ages. This result nicely correlates with the observations
on various amorphous Hume-Rothery alloys, revealing
the most pronounced MDOS in the case of the highest
noble-metal content of the disordered alloy.’ It can be
assigned to an optimum matching between the isotropic
pseudo-Brillouin-zone and the isotropic Fermi sphere
occurring at an average value of 1.8 conduction electrons
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per atom.!* Complementary to the discussion based on
effective interatomic potentials, this number has recently
been calculated'® to yield the most constructive interfer-
ence of electrons scattered by the atomic structure of the
disordered phase.

These findings reflect unambiguously the importance of
electronically induced effects on the atomic structure of
the intermixed phase during the interlayer growth. Since
long-range interdiffusion always results in crystalline
Au-In phases,”? a different mechanism must be responsi-
ble for the formation of the amorphous layers. Hence the
existence of a pseudogap in the conduction-electron den-
sity of states at the Fermi level can be taken as a starting
point for the discussion of the thermodynamical driving
forces necessary to explain the formation of an inter-
mixed phase with disordered structure.

In conclusion, synchrotron-radiation-induced photo-
emission has been applied to study the effects of intermix-
ing at Au/In interfaces at 77 K. Au/In—as well as
In/Au— bilayers were analyzed with respect to data tak-
en on quench-condensed amorphous Au,Iny_, alloys.
Evidence has been found that for coverage =<6 ML, the
deposition of Au onto polycrystalline In leads to the for-
mation of an intermixed amorphous layer with Au con-
centrations as high as X =60 at. %, corresponding to the
maximum Au content of vapor-quenched amorphous
films.!* For In atoms deposited on top of polycrystalline
Au, amorphization reactions are observed to occur for
coverages up to 4 ML, leading to a minimum Au concen-
tration of the intermixed phase of X =20 at. %. In this
case contributions of polycrystalline Au to the valence-
band spectra are detected. For the homogeneously react-
ed amorphous interlayer, a significant decrease in the
electronic density of states toward the Fermi level Ef is
observed, indicative of the strong influence of the conduc-
tion electrons on the ionic structure of the intermixed
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FIG. 5. Low-binding-energy range of the spectra shown in
Fig. 1, reflecting a decrease of the density-of-state curves to-
wards the Fermi energy Ep. All data have been corrected for
secondary-electron contributions as well as for the transmission
function of the energy analyzer.

phase, and vice versa. This interrelation can be used to
discuss the growth of the amorphous interlayer in terms
of simple band-structure arguments.
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FIG. 5. Low-binding-energy range of the spectra shown in
Fig. 1, reflecting a decrease of the density-of-state curves to-
wards the Fermi energy E,. All data have been corrected for
secondary-electron contributions as well as for the transmission
function of the energy analyzer.



