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Abstract—The results of experimental studies of self-propagating high-temperature synthesis in double-layer
Cu/Au thin-film systems are presented. It is shown that the synthesis initiation temperature for a Cu/Au film is
determined by the order–disorder phase-transition temperature in the Cu–Au system. The order–disorder tran-
sition temperature for thin films is found to be lower than for the bulky samples. It is assumed that the temper-
atures of initiation of solid-phase reactions in thin films can be associated with the structural phase-transition
temperatures. © 2000 MAIK “Nauka/Interperiodica”.

PACS numbers: 81.30.Hd; 82.65.-i
Solid-phase reactions in thin films proceed at tem-
peratures considerably lower than the relevant temper-
atures in bulky samples. The majority of solid-phase
reactions occur at the interfaces between thin films at
temperatures as low as 400–800 K (see, e.g., [1, 2]).
However, on long aging, the compounds can form at the
contact surface even at room temperature [3]. It is
believed that diffusion along the grain boundaries is a
dominant mechanism of solid-phase reactions in thin
films, because it is several orders more efficient than
bulk diffusion. Because of this, diffusion along the
grain boundaries and a high defectiveness of thin films
may be responsible for considerable mass transport at
low temperatures [1]. Since the solid-phase reactions in
thin films proceed under nonequilibrium conditions,
the phase diagram, as a rule, is not invoked for an anal-
ysis of the composition of reaction products and the
temperatures of their formation. In practice, it is impor-
tant to know the formation temperatures, because the
thin-film technologies are widely used in microelec-
tronic devices. These devices are often fabricated and
operate at temperatures close to the temperature of ini-
tiation of solid-phase reactions in thin-film elements.
Among the diversity of solid-phase reactions in thin
films, there is a class of reactions that occur during the
course of fast thermal annealing (see, e.g., [4]). Rapid
thermal annealing is part of a rapid isothermal treat-
ment; it amounts to the fast heating of film samples to
a certain temperature followed by annealing for 1–100
s at this temperature and subsequent cooling [5]. It is
shown in [6, 7] that the solid-phase reactions in thin
films can proceed in the self-propagating high-temper-
ature synthesis (SHS) regime. SHS is initiated in dou-
ble-layer films when the sample temperature TS
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exceeds the initiation temperature T0 (TS > T0). SHS is
a surface combustion wave propagating along the film
surface. At temperatures near the initiation temperature,
the SHS-front velocity is equal to ~ (2–10) × 10–2 m/s.
Because of this, the traveling time for the SHS wave in
the experimental samples is equal to 5–15 s. This
implies that many solid-phase reactions occurring in
the course of rapid thermal annealing are the SHS reac-
tions. There are two SHS types in thin films. For the
first one, the reaction products contain compounds and
only a single SHS wave occurs, as in the case of SHSs
in powders. For the second SHS type, the passage of the
combustion wave at TS > T0 and the lowering of the film
temperature to a temperature below the initiation tem-
perature TS < T0 is followed by the passage of a second
front that is inverse of the SHS front and results in
phase layering in the sample. In [8, 9], the SHS of the
second type is referred to as multiple SHS (MSHS).
MSHS is a reversible structural phase transition corre-
sponding to the transition through the eutectic temper-
ature  of bulky samples [9]. However, a film ana-
logue  of the  temperature is lower than the eutec-
tic temperature  of the bulky samples (  < ). It
is conceivable that efficient heat removal to a support
reduces the temperature of solid-phase reactions in thin
films. Unexpectedly, multiple SHS occurs in the solid
phase, where it proceeds with an exceedingly low acti-
vation energy [10]. In this case, the compounds are
formed at the temperature T0 =  of SHS initiation. It
is assumed that the mechanism of phase layering
induced by the passage of the front of multiple SHS is
related to the mechanisms of phase layering caused by
eutectic crystallization and eutectoid or spinodal
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decomposition [9]. The result obtained implies that the
compounds can form in thin films upon other reversible
solid-phase transformations, among which the order–
disorder phase transition is most familiar.

This work is devoted to studying SHS in the double-
layer films for which the reaction products can undergo
the order– disorder phase transition. The study was car-
ried out on a Cu–Au system that is classical as regards
the ordering phenomenon. The purpose of this work
was to demonstrate that the temperature T0 of initiation
of the solid-phase reactions between the gold and cop-
per layers is determined by the Kurnakov temperature
TK of a bulky Cu–Au system. The distinctive feature of
the Cu–Au system [11, 12] is that, depending on the
concentration, the ordered CuAu (superstructure L10)
and Cu3Au (superstructure L12) phases form modulated
CuAu|| and Cu3Au|| structures at elevated temperatures
in a narrow interval of 25–80 K. For example, CuAu|| is
a one-dimensional modulated structure composed of
ten oriented tetragonal CuAu| cells arranged along the
b-axis. From the phase diagram [11] it follows that the
Kurnakov temperature TK changes from 510 to 683 K
in the concentration range of 40–60 at. % Au. It is sig-
nificant that the Cu–Au system exhibits no solid-phase
structural transformations other than the ordering phe-
nomenon.

Experimental samples were thin-film systems com-
prised of copper and gold layers sequentially deposited
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Fig. 1. X-ray diffraction patterns of a double-layer
Au(80 nm)/Cu(55 nm)/MgO(001) film sample; (a) initial
sample and (b) after the fast thermal annealing cycle.
on glass mica supports or on a freshly cleaved MgO
(001) surface. To produce single-crystal layers on the
MgO (001) surface, the first layers were deposited at
temperature TS = 500 K. To avoid reaction between the
layers, the second layer was deposited at room tem-
perature. The layer thicknesses were chosen in such a
way that the completely reacted samples contained
40–60 at. % Au. The Au/Cu samples thus obtained were
placed on a heater and heated at a rate of no less than
20 K/s up to the SHS-initiation temperature T0, which
turned out to be equal to 520–540 K. The initiation tem-
perature T0 = 520–540 K did not depend on the layer
thicknesses, which determined the concentration in the
reacted sample. In the samples on glass mica supports,
the SHS reaction exhibited weakly pronounced auto-
wave behavior. The coefficient of reflection from the
sample surface changed, allowing visual observation of
the course of the reaction. For the samples on the MgO
(001) support, the SHS reaction was weakly detectable.
Because of this, the samples were subjected to fast ther-
mal annealing consisting of heating to TS = 570 K > T0,
exposure to this temperature for 15 s (the time required
for the reaction), and slow cooling at a rate of ~ 0.05 K/s.

Figure 1 shows the X-ray diffraction patterns of the
Au(80 nm)/Cu(55 nm)/MgO(001) sample correspond-
ing to an approximately 1 : 1 gold-to-copper atomic
ratio in the reaction products. The initial samples con-
sisted of epitaxial Cu layers with the (001) orientation
parallel to the MgO (001) surface. The upper Au layer
grew in two preferable orientations, (001) and (111)
(Fig. 1a). The reflections from Au and Cu disappeared
after the reaction, suggesting that the layers com-
pletely reacted. The X-ray patterns of the reacted
Au(80 nm)/Cu(55 nm)/MgO(001) samples show reflec-
tions from the ordered tetragonal CuAu| phase having
the (001), (111), (010), and (110) orientations, as well
as the reflections from the orthorhombic CuAu|| phase
with the (100), ( ), ( ), and ( ) orienta-

tions parallel to the MgO (001) surface. The Cu3Au
phase with the (100) orientation can form in the
reaction products (Fig. 1b). On the whole, the com-
pounds formed in this concentration range corre-
sponded to the equilibrium phase diagram [12]. The
relative electrical resistance R(TS) of the double-layer
Au(80 nm)/Cu(55 nm)/MgO(001) sample is shown in
Fig. 2 as a function of the support temperature TS for
three successive cycles of fast thermal annealing.

The measurements of electrical resistance R(TS)
(Fig. 2) showed that the smooth change in R(TS) was
interrupted at TS = T0 ~ 530 K because of SHS onset in
the film sample at n = 1. In subsequent cycles (n > 1),
the smooth R(TS) dependence was again interrupted at
TS ~ 530 K. However, it is caused by the order–disorder
transition in CuAu| and CuAu||. In the SHS and the
order–disorder-transition regions, the resistance exhib-
its a slight hysteretic behavior typical of the order–dis-
order transitions. The slopes of hysteresis branches to
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the TS -axis in the temperature interval ( , ) likely
correspond to the reversible structural CuAu| 
CuAu|| transitions, while the temperature  corre-
sponds to the CuAu||  γ-solid solution transition. It
follows from Fig. 2 that the synthesis temperature T0

for the thin contacting Cu and Au films coincides with
the Kurnakov temperature  of the CuAu films (T0 =

). However, the  temperature for the films of
equiatomic composition studied in this work turned out
to be lower than the Kurnakov temperature of the bulky
samples (  < TK). A plausible explanation is that the
temperature curve for the Kurnakov point in thin films
is independent of the concentration and goes lower than
the pertinent curves for the bulky samples, much as the

 temperature is lower than the eutectic temperature

. An alternative explanation is that synthesis
between the gold and copper layers is initiated at the
temperature corresponding to the minimum order–dis-
order-transition temperature in the phase diagram. The
R(TS) curves shown in Fig. 2 are similar to those for the
temperature-dependent resistance of a support at differ-
ent cycles of initiation of the MSHS fronts [9]. It was
shown in [6, 7] that SHS in the thin double-layer films
is also initiated upon the deposition of one layer upon
the other if the support temperature TS in the course of
deposition of the second layer is higher than the initia-
tion temperature (TS > T0). In this case, the synthesis in
the Au/Cu film systems is initiated at the same temper-
ature T0 = 520–540 K. Note that this method was used
for preparing the samples on a fresh NaCl (001) cleav-
age in the early studies of long-period ordering in
CuAu|| [13]. Nevertheless, the temperature T0 of syn-
thesis initiation between the Au film and Cu film depos-
ited on top of it was found not to correlate with the
ordering temperature. The phase diagrams of the Co–Pt
and Au–Cu systems are similar in the equiatomic com-
position region. In the region of a homogeneous
ordered CoPt phase, the Kurnakov temperature
changes from 750 to 1070 K, with the maximum value
corresponding to the stoichiometric composition. The
solid-phase reactions in the Co/Pt/MgO(001) multilay-
ers are initiated at temperatures T > 750 K and result in
the ordered CoPt phase [14]. It is shown in [15] that the
solid-phase reactions in the double-layer and multi-
layer Co/Pt films proceed in the SHS regime, with the
initiation temperatures T0 = 770–820 K coinciding with
the temperature of phase ordering in CoPt [16]. This
implies that the temperature of initiation of the inter-
layer synthesis in Co/Pt is determined by the Kurnakov
temperature, as in the case of the Au/Cu films. Hence it
follows that the initiation temperatures for the film sys-
tems exhibiting solid-phase reactions can be associated
not only with the order–disorder-transition temperature
in the reaction products but also with the temperatures
of the other structural phase transformations.
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In summary, it is shown that the initiation tempera-
ture of the Au/Cu film systems is determined by the
Kurnakov temperature for the Au–Cu system. This
implies that the chemical mechanisms of ordering and
synthesis are the same and have a long-range nature.
The long-range forces, together with the elastic forces,
may be responsible for the formation of the long-period
modulated phases that appear upon ordering, spinodal
and eutectic decompositions, in the polytypic struc-
tures, etc. The results of this study may be of practical
importance, because the phase diagram can be used to
determine the types of solid-phase reactions and the
corresponding initiation temperatures.
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