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A variety of self-propagating high-temperature synthesis in thin films has been found and
investigated. This modification, called multiple self-propagating high-temperature synthesis, occurs
in the solid phase and is a reversible phase transition. Multiple self-propagating high-
temperature synthesis is similar in many respects to a metal—insulator phase transition. It is
shown that for eutectic systems it is equivalent to a repeated transition through the eutectic
temperature of bulk samples. It is inferred that multiple self-propagating high-temperature
synthesis in bilayer films is governed by phase separation mechanisms that take place during
eutectic solidification and eutectoid decomposition. 1€99 American Institute of
Physics[S1063-776019901705-9

1. INTRODUCTION produce compounds with relatively high negative formation
enthalpy %% Thus, for the Al/Ni film system an NA; phase
Solid-phase reactions in thin films have been an objecis observed in the reaction products after passage of the SHS
of investigationin the pastand this activity continues un- wave, leaving no trace of Ni or Af+*? The second is char-
abatedsee, for example, Refs. 2x:4bove all else, they are acterized by the emergence of a second front following pas-
studied because thin layers are the foundation of modersage of the SHS wave along the sample. This is followed by
microelectronics. Solid-phase reactions occur at much lowephase stratification. SHS in Al/Ge films is of the second type,
temperatures in thin films than in bulk samples. The productsvhere the products of the reaction largely contain solid so-
of solid-phase reactions can be not only compounds but aldotions of aluminum and germanium, and only a negligible
solid solutions of reagents that result from the mixing ofquantity of metastable phases is form@difter the first SHS
layers'®® Layer mixing has also been observed during thecycle, the reagents are therefore mixed. Since the original
formation of quasicrystafsand in heterostructurésSearches reagents form after the first cycle, SHS can be reinitiated in
for optimal heat-treatment temperatures, and times at whicthe sample. Thus, SHS was initiated about 300 times in a
these reactions occur, are exclusively empirical. single Al/Ge sample, and could be initiated further. This phe-
It is believed that the dominant mechanism of solid-nomenon, called multiple SHS, emerges only in type-Il
phase reactions is diffusion along grain boundaries. Howsamples. The motion of the SHS front and phase separation
ever, such an analysis neglects the possibility that selffront can be easy to observe visually. The present paper de-
propagating high-temperature synthe@#9 is initiated in  scribes the basic characteristics of multiple SHS and its
thin films. SHS in powders is well knowtt® The kinetics ~ physical interpretation.
and propagation mechanism of an SHS front in bilayer thin
films have been described only receritly? These papers
also show that SHS is a modification of solid-phase reaction
in thin films. Previously>#SHS had been observed in mul-
tilayers, where initiation was accomplished by a point heat  The procedure for obtaining samples and the method of
source. Samples for investigating SHS in bilayer films coninitiating SHS in bilayer thin films are presented in Refs. 11
sist of layers of reagents successively deposited on variousnd 12. In the experiments, Al/Ge samples obtained by suc-
substrates. SHS occurs between the layers of reagents if tihessive deposition of germanium and aluminum films on
sample(substrate temperaturel s becomes equal to the ini- glass or mica substrates were investigated. The thickness of
tiation temperaturd . A nucleus of reaction products forms the germanium and aluminum layers ranged from 40 to
on the sample, and the SHS front propagates along th200 nm. The phases formed in the synthesis process were
sample surface. identified with a DRON-4-07 diffractometdCu K, radia-
Experiments show that SHS comes in two forms in thintion). After a sample is heated to the initiation temperature
films. The first is similar to SHS in powders, where reactionsT,=550-600K in a uniform temperature field, a nucleus of

. EXPERIMENTAL PROCEDURE AND EXPERIMENTAL
ESULTS
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FIG. 3. Diffraction patterns of ALOO nm/Ge&120 nm) thin film samples: a
n=1, vR=1x10"3m/s; n=300, vp,R=1X10"%m/s; b n=1, vy,=1
X10 tm/s.

observations show that SHS fronts resulting from repeated
g | initiation always start at the same point and mimic the mor-
FIG. 1. g Photograph of an SHS front and DBM clusters in the reaction phological features of the motion of the first SHS front. The
products of the sgampple 100 nm)/Ge(100 nm). b) Microstructure of a bi- phase composition of AI/,Ge films does not _depend on_ the
layer AI(100 nm/Ge(100 nm film sample containing DBM clusters. numbern of SHS cyclegFig. 3, but on the thickness ratio
of the reagent layers and the velocity of the phase separation
front. For vpp=1X 103 m/s and variousn, largely solid
a new phase randomly forms on the surface of the samplgg|ytions of aluminum and germanium are produced; only
(Fig. 18. The SHS front moves along the surface and reflectﬁeg”(‘:’ime amounts of metastable phases ex@y. 33.
the temperature topography of the film. The veloaityof However, forn=1 and vph:1><10‘1 m/s, the metastable
the SHS front with initiation temperatur@, is v¢=3 phases stabilize: an ABe; phase emerges for AI00 nm/
x 10 3m/s, and increases with temperature approximatel;Ge(loo) films (Fig. 3, and an AlGe phase forms in
according to the Arrhenius laFig. 2). The SHS front can x| (100 NM/Ge(120 nm samples®
l:_Je _stopped by reducing the film temperature below the ini- Investigations show that the temperatiig, at which a
tiation temperaturd. phase separation front emerges is the same as the initiation
A decrease in sample temperature gives rise to a phaggmperatureT,, which is 100-150 K below the eutectic
separation front, which starts from the boundary left behi”dcemperatureTE. In bulk sample, the phases separate after
by the SHS front. The velocity 5, of the phase separation eytectic solidification. It is to be expected that the initiation
front increases strongly with decreasing substrate tempergsmperatureT, in Al/Ge films corresponds to the tempera-
ture Ts, and starts in the “soft” regiméFig. 2. The emer-  yre T for a bulk Al-Ge alloy. Since the rate of heat re-
gence of a phase separation front after passage of an Shgopyal from thin films is higher than for bulk sampleE,
wave was first noted in Ref. 15. The first SHS front has aghouid be less thafiz. The initiation temperaturd@, does
sharp boundary, since there is a difference in reflection frony ot depend on the thickness ratio of the reagent layers, just

the specular surface of the original film and the surface of thg,g the eutectic temperatufe does not depend on the com-
reacted sample, which produces diffuse scattering. Thggsition of the alloy.

boundary of the subsequent SHS fronts is more diffuse, and Al this suggests that type-1l SHS should emerge in bi-
it becomes much less appreciable after repeated SHS. Vlsu%lyer film systems for which the equilibrium phase diagram
is of the eutectic type. This was checked for the Pb—Sn sys-
tem, which has a simple phase diagram of the eutectic type

60
o with eutectic temperaturéz =456 K. SHS in a Pb/Sn bi-
® layer film can be repeatedly initiated at=440-450K.
‘g4or Stronger evidence can be gleaned from the initiation of mul-
7 tiple SHS in uniform films obtained by deposition of
;.20_ Vi _PQ(_Sr_}l,X, Al,Ge _, alloys (0.4<x<0.7). In this case the
o initiation temperatures does not depend xnand are the
same as the corresponding temperatures for Pb/Sn and Al/Ge
0 € , i ; i ;
450 50 o0 T.K bilayer films. Since the phase separation temperaliye

=T, in thin films is different from the eutectic temperature

FIG. 2. SHS front velocityw(T) and the phase separation front velocity Tg the melting temperature of the film was expected to be
von(Ts) as a function of substrate temperatlig the same as eithdr, or Tg.
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3. DISCUSSION

The fact that the initiation temperatufg is the same as
§ the temperaturel ,,, at which the phase separation front
¢ emerges provides a basis for considering the SHS front and
DN the phase separation front to be a single phase-
:: transformation wave. Since during multiple SHS the resistiv-
ity changes reversibly and SHS occurs in the solid phase,
type-1l SHS is a reversible structural phase transition resem-
bling a metal—insulator phase transition. The microstructure
FIG. 4. Resistivityp of an Al(100 nm)/Ge(100 nm bilayer film as a func- of these samples is very diverse, b“t it consists primarily of
tion of substrate temperatufe, . clusters with a dense branching morphologpBM
clusters®). The microstructure of Al-Ge films was studied in
connection with the emergence of fractal formatiGnas
Figure 4 shows the resistivity(T<) of an Al(100nm/  well as DBM clustert” within them. The intense interest in
Ge(100 nm film sample as a function of substrate tempera-DBM clusters with fractal dimensiod;= 2 is due to the fact
ture Tg. It follows from the dependence(T,) that the that they emerge in many physicochemical and biological
Al(100 nm/G&100 nm sample does not undergo any phasesystems. In Al-Ge films, DBM clusters comprise a nucleus
transformations above the temperatdig This result was of polycrystalline germanium, possessing dendritic structure,
checked directly. The ALOO nm/Ge&100 nm sample was  with single-crystal aluminum disposed among the branches
obtained by deposition on a cleavage surface of NaCl, andf the dendrite.
was then transferred to a glass substrate. Microscopic and The phase separation mechanism in Al-Ge films leading
visual observations clearly confirm a lack of melting up toto the formation of DBM clusters was studied in Ref. 17. Itis
Ts=850K>T,. This is surprising, since phase separation inbelieved that DBM clusters form from an amorphous phase.
bulk samples results from eutectic solidification. Neverthe-This agrees with Ref. 18, where it is shown that in Al-Ge
less, multiple SHS in thin films occurs in the solid phase, andilms with various concentrations there exists an amorphous
is similar to a repeated transition through the eutectic temphase that transforms into stable aluminum and germanium
perature in bulk samples. phases via intermediate metastable phases. The microstruc-
The existence of phase separation is also confirmed byure formed in Al/Ge films depends on the numbesf SHS
resistivity measurements on a film sample as a function oéycles and the velocity,, of the phase separation front.
substrate temperatufie and the number of SHS cycles. Fig- After the first SHS front has passed and as the phase sepa-
ure 5 shows the resistivity of an Al(100 nm)/Ge(100nm  ration front moves along the surface of the sample, circular
film as a function of temperaturg for three SHS cycles. nuclei emerge ahead of the front and subsequently merge
After initiation of SHS atT,>T,, the resistivity of the with the phase separation front. Microscopic investigations
sample increases. Afs<T, the resistivity of the sample show that these nuclei are DBM clustésee Fig. 1b which
returns to its original value. The fact that the resistivity of thecan range in diameter from }0m to several millimeters
sample is the same before and after SHS, and that it is th@ig. 19. DBM clusters of such sizes are observed during
same as the resistivity of the aluminum layer, confirm thatannealing in Bi/Al/Mn/SiO multilayer? At low front ve-
aluminum forms a percolation cluster in the film after phasdocities @pr=1X 10 3m/9), laminar microstructure forms
separation. Repeated initiation of SHS increases the initigherpendicular to the phase separation front. This structure
resistivity somewhat; this might be due to oxidation of theresembles the cellular structure that emerges during directed
sample by residual oxygen. Multiple SHS is also observed irerystallization?
AlISi (To=700K), Al/'S (To=750K), Al/Zn (To=770K), Investigations of sample surfaces on the substrate side
Au/Ge (To=600K), and Al/Ti (To=770K) film systems. show that SHS proceeds over the entire thickness of the film,
even when the layer thickness=sl.5um. A total thickness
of 3—4um is probably the maximum for SHS in bilayer thin

0 Y 1 i :
550 T, 650 T, 750  T,.K

18 films. Subsequent SHS cycles do not alter the original mi-
15t ! 2 3 crostructure; this confirms that multiple SHS proceeds in the
£ solid phase.
al?r 1 With long-term initiation of SHS =300), the branches
% o} l l I T of DBM clusters break up and the microstructure of the film
= I becomes uniform. If rapid mass transfer between layers in
< 6} the first SHS cycle proceeds perpendicular to the film sur-
3 face, then both SHS and phase separation occur in subse-
590 610 590 610 590 610 quent cycles along the surface on an interphase boundary

T, K between the branches of DBM clusters, which contain ger-
FIG. 5. Resistivityp of an Al(100 nm/Ge100 nm film sample as a func- mar_“um’ and the ,S',”Q"?'nySta”'”e aluminum between them.
tion of substrate temperatufle near the initiation temperatufg, for three ~ DUrnNg long-term initiation Of“SHS-, therefore, DBM clusters
SHS cycles. Arrows show the direction of variation of the resistivity. break down and phase stratification becomes more subtle.
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temperature or the temperature of eutectoid decomposition of
Assuming that diffusion between layers precedes to &ulk samples.
depth equal to the thickness of the reagent laybx2 The following mechanism of multiple SHS in thin films
x 10 ®m, and its velocity equals the velocity of the phasecan be inferred from the experimental data presented above.
separation front ,,=0.2X 10" m/s, we can estimate the Solid-phase amorphization of the samples occurs after the
diffusion coefficient during SHS in thin layers to e  first SHS front has passed. Beldly=T,,, the amorphous
=dv,,=0.4X 10" " m?/s. This is 9—10 orders of magnitude phase decomposes, depending on the velocity of the phase
greater than the diffusion coefficient along grain bounddries,separation front and the thickness ratio. For eutectic systems,
and 1-2 orders of magnitude greater than the diffusion cothere is a correspondence between the phase equilibrium dia-
efficient in the liquid phase. The actual value of the diffusiongram of the reaction products of bulk samples and the char-
coefficient during SHS can be even higher, so that SHS imacteristics of SHS. The eutectic temperatiligeand the per-
thin films must be attributed to explosive chemical reactionscentage abundance of reaction products determine the
Explosive chemical reactions in solids resulting from si-initiation temperaturelT, and thickness ratio, respectively,

multaneous uniaxial deformation and shear deformation are/hile the liquid eutectic corresponds to the amorphous
described in Refs. 21 and 22. The estimated diffusion coefphase. Fon>2, SHS does not encompass the entire sample,
ficient in such reactions is 1®-10'° times the value ordi- proceeding instead only at phase boundaries to a thickness of
narily observed in the solid phase. The proposed mechanisB~4um. Large stresses are produced at the interphase
involves the avalanche-like emergence of structural defectsoundary ahead of the SHS and phase separation fronts, pro-
at the instant elastic stresses relax. Such a solid is in a specidilicing zones of structural defects. Diffusion is greatly facili-
state that is neither solid, liquid, nor gaseous. At that instantated in these zones, and conditions for explosive reactions
the solid becomes permeable, and there is enough time faet in?1?2 Metastable phases might play a significant role in
explosive reactions to occéi>2An explosive reaction in the the initiation of multiple SHS, since their formation enthalpy
solid phase occurs between Al and,8¢.2? The metallic— can be high.
thermal reaction between Al and f&&; has been studied in
some depth; its initiation temperatureTig=1400- 1500 K,

and the front temperature is approximately 2300 K. 4. CONCLUSIONS
In the present work, SHS was studied in AljBPg bi-
layer films,which are type-ll and have an initiation tempera-  In conclusion, we note that solid-phase reactions in thin

ture To=750-770K. The bulk abundance of iron in the films that are in fact SHS reactions occur only at temperature
sample produced after the reaction and the degrektrans-  T,. Rapid mass transfer and diffusion mixing at the atomic
formation were determined by the torque metfddtigure  level occur only when SHS and phase separation fronts pass.
6a shows the degreg of transformation as a function of the After the passage of a phase separation front, diffusion in the
numbern of SHS cycles. It is clear from the function(n) film sample once again becomes negligible. This suggests
that the Fe abundance in the sample increasesmunatll, due  that layer mixing, often observed in multilay@ilayer films

to preignition. Forn>5 the degree of transformation is in- subject to heat treatments and thermal influefice&?°oc-
dependent oh. This confirms that multiple SHS is not gov- curs after type-lIl SHS in these samples. Multiple SHS is a
erned by the exothermal nature of the reaction between Aleversible structural phase transition, similar to a metal—

and FgOs,. insulator phase transition, and can be used in microelectron-
The initiation temperaturd, does not depend on the ics devices.
numbern of SHS cycleqFig. 6b. Such dependencdg(n) Multiple SHS corresponds to a transition through the

are observed in all bilayer film systems in which multiple eutectic temperature in bulk samples. At present the mecha-
SHS was obtained. It follows, then, thBg in Al/Fe,O5 films  nisms of SHS and solid-phase reactions in thin films are not
is analogous to the eutectic temperature of bulk ALd-e  completely understood. However, the multiple-SHS phenom-
samples. For eutectic solidification and eutectoid decompoenon clearly indicates that these mechanisms are related to
sition, phase separation often entails the formation of platephase separation mechanisms observed during eutectic so-
like structures, where the plate thicknesses can reach seveldalification and eutectoid decomposition. It is perhaps sur-
microns. Multilayers(including bilayer filmg are artificial  prising, considering the many recent studies of solid-phase
analogs of such platelike microstructures. The kinetics andeactions by various methods, that SHS and multiple SHS in
mechanism of multiple SHS in thin films should therefore bethin films went unnoticed, even though these pheonomena
the same as in the case of the formation and decompositiotan be observed at atmospheric presgnevacuum is re-

of plate-like structures during transitions near the eutectiquired, using straightforward experimental techniques.
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