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Self-propagating high-temperature synthdSiBlS in Al/Ni, Al/Fe, and Al/Co bilayer thin films

is investigated. It is established that SHS is achieved in thin films at initiation temperatures
300-350° lower than in powders. The mechanism of SHS in thin films is similar to the process of
explosive crystallization. It is shown that at the initial stage solid-phase reactions arising on

the contact surface of condensate films can be self-propagating high-temperature synthesis. SHS
could find application in different technologies for obtaining film components for
microelectronics. ©1998 American Institute of Physid$S1063-784£98)01010-1

Self-propagating high-temperature synthe§8HS is  (Ref. 5, we estimate the diffusion coefficient &= 10 12
widely used to obtain many different compounds. Ordinarily,— 10~ * m?/s. Such values db are characteristic for the Al
the reagents participating in SHS are in a powdered form odiffusion in Fe, Co, or Ni at temperature 1200-140¢ K.
one reagent is in a gaseous statdnfrequently, SHS has This temperature agrees with the results of direct measure-
been studied in bimetallic systefrand foils? In both cases, ments, presented below, of the temperature of an Al/Fe film.
the reagents were several microns in size. SHS in thin-filmHence it follows that at these temperatures Al on the front is
samplegthickness up to 200 njrhas not been investigated in a liquid state, while the lower Fe, Co, or Ni layers are in a
at all. solid phase. The reaction front is convéxg. 18, because

The present work is devoted to the experimental study obf the fact that the heat losses at the edge of the film are
the characteristic features of SHS in thin films and theirgreater than at the center. They decrease the front tempera-
differences from SHS in powders. ture T; and the front velocity from center to edge. On the

The following pairs were chosen as the initial materialsother hand, the front temperature is higher than the melting
for synthesis: Ni—Al, Fe—Al, and Co—Al. A layer of one of temperature of aluminunT,, (Al). The arrow in Fig. la
the ferromagnetic metald = Ni, Fe, and Co was deposited shows the liquid zone of aluminum, bordering the reaction
successively by thermal evaporation and an Al layer wagront and possessing a high reflectance, so that it is distin-
deposited on top. Each layer was 30—100 nm thick. Filmgyuished from the initial and reacted parts of the film. If, after
with layers of equal thickness were used for the investigainitiation, the substrate temperature is made to be less than
tions; this corresponds to40% at.Al in the sample. Mica or T,;, then quenching of the reaction occurs.
glass, 0.1-0.2 mm thick with linear dimensions of 5-10 mm,  The self-maintaining character of the propagation of the
was used as the substrate. The two-layer system obtainedicleus is determined by the fact that the reaction zone lies
was placed on a tungsten heater and heated at a rate of thethe interface of the initial film and the reaction products.
order of 20° per secon@thermal explosion The vacuum Intense heat release on the front appreciably raises the tem-
during deposition and heating was<10™“ Pa. At the tem-  perature there. As a result of the Arrhenius temperature de-
peratureT,; a nucleus of a phase of the reaction productspendence of the diffusion coefficient the combustion process
appeared and propagated with the velodity-0.5x 10?2 proceeds exclusively on the front. The proposed mechanism
m/s until it covered the entire surface of the film. The mor-of SHS in thin films is similar to the process of autowave
phology of the surface of the new phase changed, and thexidation of metals® and the process of explosive
reflection from the film surface became dull and differedcrystallization®*° The main characteristics of the processes
sharply from the mirror surface of the initial sample, so thatare similar in the following cases: the existence of the reac-
the motion of the new phase was easily observed visuallyion initiation temperaturd ,;, self-maintained propagation
(Fig. 1a. The initiation temperaturd; in the experiments of the front of a new phase, high temperature of the front,
was not constant; it depended on the rate of heating and theentical temperature dependences of the front propagation
ratio of the thicknesses of each film and varied in the rangeelocity, and possibility of the existence of a liquid zone on
250-400°C for the systems Co-Al and Fe—Al andthe front. The process of explosive crystallization has been
200—-300 °C for Ni—Al. Ift is the characteristic reaction time, well studied theoretically, so that it can be applied to the
then the velocity of the front i&/~ \x/t. In this time the  analysis of phenomena arising during SHS in thin films and
diffusion will extend to the thickness of the film~ Dt.  autowave oxidation of metals. Figure 1b shows schemati-
Taking average experimental valueg=1x102 m/s, cally the temperature profile on the reaction front, which,
d=1x10""m, and thermal diffusivityy=10"—-10"®m?s  assuming that no phase transformations occur, is
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FIG. 2. Degree of transformation of bilayer systems as a function of sub-
strate temperaturé — Al/Ni, O — Al/Fe, A — Al/Co; layer thicknesses:
Al ~60 nm,M~50 nm.

tures T>T,; nickel reacts completely with aluminum, and
there is not enough time for 0—30% of the cobalt and 0—20%
of the iron to react. Analysis of the surface morphology sug-
gests that in the temperature rangg>T>T,; synthesis
does not proceed to the entire depth, but covers a thickhess
at the interface of the films. The thicknedgcreases rapidly
with increasing substrate temperature, and at temperagire
-5 0 5 10 15 synthesis proceeds to the entire dept.h. The Iarge. fraction of
z.mm the surface where the reagents are in contact with one an-
other decreases appreciably the initiation temperaiyfe
FIG. 1. Photograph, schematic illustration of SHS with a liquid aluminum For the system Ni—Al this temperature is 300—350° lower
zone, which is shown by the arrow, on the froﬁa)‘, and temperature profile, than the corresponding temperature in powdéi‘%]n many
?;fpff'iflfm? tzhe_rif‘gz'}ir;m':"v'g:‘é'g?ﬁi%'T'?:;tizoon”f)ritdmsf:omtechnologies for obtaining thin-film coatings, the films cool
4 — liquid zone on the SHS fronf — substratef — heater at tempera- dOWN at substrate temperatures higher than the initiation
turesT>T); . temperaturdl ;; . This suggests that if the substrate tempera-
ture T, is higher than the initiation temperatufg; when the
multilayer films are deposited, SHS can proceed and change
exponential’ The front temperaturd’; lies in the range the expected phase composition and structure of the samples.
Tm(M)>T¢>T(Al), so that a liquid phase of aluminum ex- To confirm this conjecture, an Al laydr-50 nm thick at
ists at the front. Aluminum diffuses into the bottom metal different substrate temperatures was deposited on Co, Ni, Fe
layer (M= Ni, Fe, Cg, which is in the solid phase. If the films (~50 nm thick deposited on mica substrates. The de-
lowest eutectic temperatui,(Eu) of the reaction products greey of transformation was determined as a function of the
is less than the front temperatufg> T, (Eu), then the liquid  substrate temperatufig by the method presented above. Fig-
zone should include, besides liquid aluminu/l), liquid  ure 3 shows the dependenegT,), which shows that the
reaction product$Eu). The width of the liquid zone depends SHS process is initiated during deposition of the upper layer
on the temperature profile of the reaction fr@Rig. 1b).
The magnetic momer(T,) of the sample was mea-

sured in the experiments. It is proportional to the volume of ]

the ferromagnetic part of the film, depending on the substrate T

temperature. The degree of transformatig(ir,)=(M(0) 0.8k

—M(T,))/M(0) was determined assuming all intermetallic )

phases of Al with Ni, Co, and Fe to be nhonmagnetic. Here 0.6+

M (0) is the magnetic moment of the initial sample at room

temperature and(T,) is the magnetic moment after the 0.4t

substrate is heated to temperatliyeand held for D s — the

time required for the combustion wave to propagate through 0.2r

the film. Figure 2 shows the dependeng€T,) for the sys- ) \
tems Ni—Al, Co—-Al, and Fe—Al. From the dependence 01400 500 600 700 800

M (T,) follows the existence of the synthesis onset tempera- T, K

ture_Tli and temp(a_ratU@Zi at WhICh_ the degree of transfor- FIG. 3. Degree of transformation versus substrate temperature after deposi-
mation has a maximum value. |n_F|_9- 2 the temperatliieS  tjon of an Al layer on a filmM = Ni, Fe, Co:O — Al/Ni, 0 — Al/Fe, A
andT,; are marked only for Al/Ni films. Thus, at tempera- — Al/Co.
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FIG. 4. Frequency spectra of nuclear spin echo of a bilayer film system
Al/Co: 1 — initial sample,2 — after passage of a SHS wave through the 5001
sample.
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of aluminum. In addition, the initiation temperatures of the T,. K
systems Ni—Al, Fe—Al, and Co-Al are close to the corre-
sponding temperatures during heating of bilayer films of thé:IG.tS. TeTTlperature Ofr-? bililr)]/er ﬁl:?-, SafrT:r[:IetAI/Fe Vetrsus theﬂ?eater te|m-'
same systemgFig. 2. perature. The arrows show the path of the temperature as the sample is
Al/Co bilayer film systems were also investigated by theheated up to 770 K and then cooled.
nuclear magnetic resonance method. Figure 4 shows the fre-
guency spectra of the nuclear spin edNSE) of the initial
films and of the same samples after annealing, where SHSamples where SHS occurred with an aluminum film depos-
was realized. The typical Al/Co spectrum of the initial ited on a nickel film at temperatufE>T,;. The interpreta-
samples is characteristic for polycrystalline Co and is formedion of the diffraction patterns shows the presence of a main
by two of its allotropic modifications: the low-temperature phase NjAl; with a small quantity of a NiAl phase and
hexagonal close-packethcp «-Co phase and the high- show residual aluminum and nickel to be absent, in agree-
temperature face-centered culficc) 8-Co phasdthe o= 8 ment with the data presented in Figs. 2 and 3. For Al/Fe
transition temperature-700 K) with central frequency 213 films where SHS occurred as a result of annealing the dif-
MHz. After passage of the SHS wave the line shape of thdraction patterns show reflections from residaaFe as well
spectrum changes appreciably, and only the signal from thas the high-temperature phaseFe and the intermetallic
fcc phase remains. The reaction products experience higtompounds FeAland FgAls. The high-temperature phase
rates of cooling, which results in, specifically, stabilization of y-Fe was stabilized just g3-Co as a result of the high rates
the high-temperature fcc phase of Co. Thus, taking the rise iof cooling which arise on the combustion front. Similar dif-
temperature in the combustion wael ~1000 K and the fraction patterns of Al/Co samples, just as their magnetic
characteristic reaction time= y/v?~0.1-0.01 s we esti- measurements and NMR spectra, confirmed the presence
mate the cooling rate as 10— 10° K/s. Such cooling rates of residual 8-Co. In addition, other phases, which can be
are sufficient not only for fixing the high-temperature phasesdentified as A{Co, and AlCo, are present in the sample.
but also for obtaining an amorphous phase in the alloys. The The film temperature the during passage of a SHS wave
absence of satellite lines in the low-frequency region of thevas measured in the system Al/Fe. To this end, a Pd layer
spectrum shows that after the passage of a SHS wave a solil0 nm thick was deposited on the substrate and Fe and Al
solution of aluminum in cobalt is not formed, but rather in- layers(each layer 50 nm thigkwere deposited successively
termetallic compounds are formed. The area under the curven the Pd layer. The Pd and Fe layers were used as thermo-
of the frequency spectrum determines the amount of cobaltouples. The sample was placed on a heater whose tempera-
present in the sample. The degrees of transformation, deteture was determined with a standard chromel—copel thermo-
mined from the ratio of the areas of the spectra before andouple and heated at rate 10 K/s. The heater was switched off
after the reaction and from magnetic measurements, agres temperature 770 K, which is higher than the initiation
well with one another. temperatureTy;. Figure 5 shows the dependence of the
The phase composition of the samples after the passagample temperature measured with the film thermocouple on
of a SHS wave was investigated by the methods of x-rayhe heater temperature. Before the temperafliye was
crystallographic analysis. The samples investigated had layreached, both thermocouples showed the same temperature.
ers of equal thicknesses, each layer bein00 nm thick.  This signified that the heater temperature was identical to the
The diffraction patterns the samples of the system Al/Nifilm temperature. However, abovig; =660 K the film tem-
where SHS occurred as a result of annealing at temperatuperature increased rapidly to a value of the order of 1330 K
T>T, are completely identical to the diffraction patterns of as a result of an exothermic reaction. This value agrees well



1192 Tech. Phys. 43 (10), October 1998 Myagkov et al.

with the estimate of the front temperature made earlier. Aftecould be realized in bilayer film samples. They should occur
the passage of the SHS wave, the temperature indicated liy systems where SHS has been obtath€@bnversely, for
the film thermocouple dropped. However, the reverse path dilms on whose boundary solid-phase reactions dsee, for
the film temperature was different from the forward path andexample, Ref. 16SHS should be expected to occur in the
was higher than the heater temperature, which indicated comorresponding powders.
tinuation of the exothermic reaction. The reaction stops only  The following conclusions can be drawn on the basis of
at temperatures 300—350 K, and the film and heater temper#he initial experiments investigating SHS in thin filmsy 1
tures become the same. SHS materializes in thin films at initiation temperatures

To determine the total reaction time the electrical resis-300—350° lower than in powders) the mechanism of SHS
tance of the samples during the reaction at temperafiyre in thin films is similar to explosive crystallization) SHS in
was measured. The electrical resistance increases contintiin films can also be obtained on the surface of powders if a
ously as the temperature increases from room temperature s&cond reagent in a liquid phase is presenthé possibility
T4;. This increase is typical for the temperature dependencef SHS initiation should be taken into account in existing
of the resistance of metals. When the temperature reaches ttechnologies for obtaining thin-film coatings) Slifferent
initiation value T4; the electrical resistance of the sample solid-phase reactions observed at the interface of bilayer and
increases rapidly — for 20 min for Al/Co systems and for 10multilayer films and arising at low heat-treatment tempera-
min for Al/Ni, Al/Fe film systems. Experiments to determine tures can initially be self-propagating high-temperature syn-
the sample temperatures and electrical resistance show thiesis; 6 the high rates of cooling after the passage of a SHS
after the passage of a SHS wave through the filon the  wave in bilayer film samples can stabilize high-temperature
present samples not more 10 the further heat release in the and metastable phases; aniiSHS could find application in
film is due to a post-combustion process. Post-combustiodifferent technologies for obtaining film components for mi-
processes have been observed in previous works on?SHS:roelectronics.
Hence it follows that the reaction process consists of two  This work was supported by the Russian Fund for
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