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Compositional and structural characterization of temperature-induced solid-state reactions
in Al/Ni multilayers

U. Rothhaar, H. Oechsner, M. Scheib, and R. Mu¨ller
Fachbereich Physik und Institut fu¨r Oberflächen–und Schichtanalytik IFOS, Universita¨t Kaiserslautern,

D-67653 Kaiserslautern, Germany
~Received 19 August 1999!

Diffusion controlled solid-state reactions during the annealing of Al/Ni multilayers deposited by rf magne-
tron sputtering onto silicon substrates have been studied. The samples with an overall atomic concentration of
Al0.5Ni0.5 consisted of four Ni and four Al sublayers with a double layer thickness of 50.3 nm. The temperature
induced compositional and structural changes during the annealing periods of 45 min were determined by
Auger electron spectroscopy~AES! sputter depth profiling and x-ray diffraction. Up to 120 °C no intermetallic
phase was detected, albeit the AES sputter depth profiles indicated a significant enrichment of Ni in the Al
layers. At temperatures around 160 °C these sublayers nucleated completely into the Al3Ni phase. With a
further increase of the annealing temperature the reaction proceeded to the formation of Al3Ni2, and finally
above 250 °C to a homogeneous layer of bcc ordered AlNi.
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I. INTRODUCTION

Intermetallic compounds formed by solid-state reactio
in thin-film structures play an important role in heat a
corrosion resistant coatings or in metallization layers of m
croelectronic devices, and have been the subject of cons
able research.1,2 Even when the pertinent thermodynamic i
formation is available, the understanding and control
phase sequencing and of the respective solid-state reac
is rather difficult, and requires knowledge of the partic
transport and the nucleation kinetics. Multilayer samples
highly suited to investigate the related interdiffusion mec
nism and phase evolution, because they provide quite a n
ber of reacting interfaces and well defined regions for
formation of intermetallic phases.

As an example of also technical importance,3,4 the forma-
tion of aluminide films by temperature treatment of Al/N
multilayers with an average composition of Al0.5Ni0.5 was
studied in the present work. Previous investigations h
shown in essence that Al3Ni forms as the first crystalline
phase in Al/Ni diffusion couples.5–9 However, there is, for
example, not yet clear evidence of the dominantly mov
species in the initial stages of its growth. The Al/Ni syste
has been chosen since the corresponding phase diagram
hibits a limited number ~five! of stable intermetallic
compounds.10 For the characterization of the temperature
duced compositional and structural changes Auger elec
spectroscopy~AES! sputter depth profiling and x-ray diffrac
tion ~XRD! were employed.

II. EXPERIMENT

The Al/Ni multilayers were prepared on smooth~100!-
silicon substrates by rf-magnetron sputtering. The deposi
chamber is a part of a complex ultrahigh vacuum~UHV!
system which has been already described elsewhere,11,12 and
comprises separate chambers for sample introduction,
face analysis, and sample annealing. The individual Ni
Al sublayers were produced by two rf sputter magnetro
which were equipped with high-purity Ni and Al targets a
operated with Ar at 3.831022 mbars~residual gas pressur
PRB 610163-1829/2000/61~2!/974~6!/$15.00
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131027 mbars!. The substrates were alternately turned
the corresponding magnetron. The deposition time was c
trolled by a movable shutter in front of each sputter sour

In a first series of experiments pure Al and Ni films we
deposited with a growth rate of about 20 Å/min for Ni an
40 Å/min for Al. These values were determinedex situby
thickness measurements with a mechanical step profilom
With the particle densitiesn(Ni) 59.1331022cm23 and
n(Al) 56.0231022cm23 taken from Ref. 13 a ratio
d(Al)/ d(Ni) of 1.52 between the individual sublayer thick
nessesd must be established to obtain an average 1:1 stoi
ometry~50 at. % Al, 50 at. % Ni! in a multilayer stack. Based
on these data the deposition times were chosen to prod
samples consisting of four double layers, each of 20-nm
and 30.3-nm Al. Without breaking the vacuum the spe
mens were then directly transferred to the heating cham
and annealed by the radiation of halogen lamps at temp
tures between 120 and 330 °C for always 45 min.

After cooling down to room temperature, the anneali
induced compositional and structural changes were de
minedex situby AES sputter depth profiling and x-ray dif
fraction. The AES analyses were performed at a prim
electron energy of 5 keV under bombardment with a ras
scanned 2-keV Ar1 ion beam. An ion current densityj (Ar1)
of about 22mA/cm2 was used with exception of the samp
annealed at 330 °C@ j (Ar1)'43mA/cm2#. To convert the
peak-to-peak amplitudes of the differentiated Al~KLL !, Ni
~LMM !, Si ~LMM !, and O~KLL ! Auger signals into concen
trations, sensitivity factors were determinedin situ for
samples of well-known stoichiometry. With concern of th
small total thickness of the multilayer structure of about 2
nm, the structural investigations were carried out with x-r
diffraction in a parallel beam geometry at an angle of x-r
incidence below 1° and the scattering plane perpendicula
the sample surface.

III. RESULTS

A. Unheated Al/Ni multilayer

The x-ray-diffraction pattern of the unheated sample
Fig. 1 contains only peaks of polycrystalline Al and Ni.
974 ©2000 The American Physical Society
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PRB 61 975COMPOSITIONAL AND STRUCTURAL . . .
should be noted that the enhancement of the Ni-diffract
peak at 2u576°, referring to the~220! planes, indicates a
~111! texture of the Ni sublayers in the sputter-deposi
layer stacks. The corresponding AES concentration spu
time profile depicted in Fig. 2 displays the modulations of
and Ni as expected for such an alternating structure. Bec
the time intervals for sputter removal of the individual N
and Al sublayers are almost the same, and the total am
of particles is equal in each of them~average 1:1 composi
tion!, the differences of the elemental sputter yieldsY of Al
and Ni under 2-keV Ar1 bombardment must be small. Th
finding compares well with previously reportedY~Al ! and
Y~Ni! values.14

An aspect—astonishing in the first instance—of Fig. 2
the presence of Ni with about 13 at. % in the three ‘‘hidde
aluminum layers, contrary to the composition of the upp
most Al layer. A similar behavior was observed by others
AES sputter depth profiles of Al/Ni multilayers with

FIG. 1. Comparison of the XRD pattern of an as-deposi
Al/Ni multilayer structure of a total thickness of 200 nm~a! with
standard diffraction diagrams of Al and Ni~b!.

FIG. 2. Concentration vs sputter time profile of an as-depos
Al/Ni multilayer on Si substrate.
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double layer thickness of 63 nm, and was ascribed to
diffusion during the film preparation.15 This explanation
seems unsuitable in the present case because the depo
temperature did not exceed 50 °C, and diffusion induced p
nomena should for time reasons be more pronounced in
deeper lying Al sublayers being deposited at first. Additio
ally, the Al→Ni interfaces remain always sharper than th
for Ni→Al.

Similarly, in depth profiles of Ta/Si multilayer structure
measured with secondary neutral mass spectrometry~SNMS!
Ta was found to move into the next deeper Si sublayer
not vice versa.16 Hence the analyzing process itself is pro
ably the reason for the measured Ni concentration profiles
plausible explanation in both cases might be obtained fr
collisional ~or radiation! enhanced particle transport acro
the interfaces and preferential sputter removal of the ligh
constituent Al or Si when the mixed interface region is form
ing. This is in accordance with other studies, in which Al h
been found to be preferentially sputter removed from
surface of Al-Ni alloys under keV ion bombardment.17,18

Additional depth profiling of an unheated layer stack w
the mass spectrometricMCs1-technique19 ~M stands for Ni
or Al in the present case! employing 5.5-keV Cs1 ions for
sputter removal resulted not only in a reduction of the e
perimental width of the Ni→Al interfaces by a factor of
about 2.5 compared to the AES-sputter profiles in Fig.
Moreover, the presumably fictitious Ni content in the Al la
ers was found to be only 3–4 at. %. Such differences can
understood from the shallower information depth of abo
2–3 atomic layers with theMCs1 technique compared to th
mean escape depth of about 8 monolayers of the 848 eV
~LMM !-Auger electrons. Like the AES profile in Fig. 2 th
MCs1 profiles display a pronounced asymmetry of the int
faces: The Ni→Al—transitions are always followed by a N
tail into the next deeper Al sublayer, whereas the Al→Ni
interface is always steeper, and zero Al—concentration
rapidly reached in the next deeper Ni sublayer. It is t
asymmetry in the sputter profiles which indicates the pro
ing ion bombardment to cause Ni to move into Al but n
vice versa. Thus the depth profiles of the unheated la
stacks indicate already the Ni atoms to be the more mo
species in the Al-Ni system.

B. Annealed multilayers

1. Temperature T5120 °C, heating time t545 min

The structural information from the XRD diagram of a
Al/Ni multilayer annealed at 120 °C for 45 min differs no
significantly from that of the as-deposited sample. Only
intensities of the Al peaks were reduced. On the other ha
the concentration sputter time profile~Fig. 3! derived from
the AES signals shows an increased Ni content of more t
20 at. % in the Al layers, while there is still no indication o
aluminum in the Ni films. Again the sputter induced inte
face effects are visible.

Although the reaction partners were now mixed to so
extent, no ordered Al/Ni phase has grown. This indicates
formation of regions with an Al-rich solid solution where th
Ni concentration exceeds the equilibrium solubility of 0.0
at. %.10 Such supersaturated solid solutions in the Al/Ni sy
tem are known to occur during the rapid cooling of liqu
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alloys ~7.7 at. % Ni in Al!,20 or by quenching from the vapo
phase~up to 20.9 at. % Ni in Al!.10 The observed mixing
effect seems to be determined by a higher mobility of the
particles in Al. This is corroborated by the differences of t
activation energy for the diffusion of Al in Ni@64 kcal/mol,21

62.1 kcal/mol~Ref. 22!# and of Ni in Al @35 kcal/mol~Ref.
23!#. Of course, additional factors such as a high defect d
sity or residual stress can affect the diffusion behavior
thin-film structures. This may explain the deviating conc
sions of different authors about the dominantly moving s
cies during low-temperature interdiffusion in Al/N
systems.3–7 The higher mobility of Ni in Al may—besides
ion bombardment effects—also contribute to the broaden
of the Ni→Al interfaces observed in the AES sputter dep
profiles. Both influences can, however, hardly be separa
from each other.

2. T5160 °C, t545 min

An increase of the annealing temperature from 120
160 °C, i.e. of only 40 °C, leads to a pronounced structu
transition within the multilayer. As can be seen from t
XRD spectrum in Fig. 4~a! the diffraction peaks of elementa
Al have disappeared, and adjacent to the main Ni peak,
peaks appear which are characteristic for the crystal
Al3Ni phase~cf. to Fig. 4~b! with the ICDD standards24 of
Al3Ni and Ni!. The measured concentration-vs-erosion ti
profile in Fig. 5 displays a further increased Ni content~36
at. %! in the Al films which are still separated by pure N
layers. Again the existence of a~110! texture in the still
present Ni sublayers becomes visible from the increa
Ni~220! x-ray-diffraction peak around 76° in Fig. 4~a!.

According to the results in Figs. 4 and 5, Al3Ni is the first
intermetallic compound to form when the Al/Ni multilaye
structure is annealed at a sufficiently high temperature.
growth of this phase is evidently determined by the diffus
of Ni into the Al layers. There is no experimental indicatio
for the existence of a crystalline metastable compound~h
phase, Al9Ni2! as observed in other studies when anneal
Al/Ni multilayers of considerably larger single layer thick
nesses between 80 and 400 nm.4 Because there exists n
solid solution of Ni in Al with a concentration close to th
Al3Ni stoichiometry,8 and there are no indications for an
other Al-Ni phase, the whole Al of the layer structure wi

FIG. 3. Concentration vs sputter time profile of a sample a
annealing at 120 °C for 45 min.
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the exception of some parts of the topmost Al layer reac
into the Al3Ni configuration. The Al3Ni sublayers in the now
generated Al3Ni/Ni multilayer structure should contain 2
at. % Ni. The higher Ni concentrations in Fig. 5 as deriv
from the AES signals can readily be ascribed to the alre
mentioned ion bombardment effects. The increase of the
concentration by about 10% over the nominal value
Al3Ni fits well with the results from the unbaked sampl
Thus the small plateau in the topmost Al layer confirms a
the formation of Al3Ni by an atomic transport from the un
derlying Ni layer.

3. T5200 °C, t545 min

After heat treatment at 200 °C for 45 min advanced str
tural changes were observed. The corresponding x-ray
fraction pattern~Fig. 6! clearly provides evidence for th
formation of the Al3Ni2 phase, whereas any more peaks c

r

FIG. 4. Comparison of the XRD spectrum of an Al/N
multilayer after annealing at 160 °C for 45 min~a! with standard
diffraction diagrams of Al3Ni and Ni ~b!.

FIG. 5. Concentration vs sputter time profile of an Al/N
multilayer sample annealed at 160 °C for 45 min.
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PRB 61 977COMPOSITIONAL AND STRUCTURAL . . .
responding to Al3Ni are detectable. Especially the diffractio
peaks at 25.5° and 48.6° are attributed to the~100! and~111!
planes of the Al3Ni2 phase. Additionally, the reacted laye
may already include small amounts of AlNi. A separation
the AlNi—from the Al3Ni2—peaks was not possible becau
of the not sufficiently high angular resolution of the XR
equipment. The corresponding AES depth profiles~not
shown here! reveal that the modulations of the Al and N
concentrations are now strongly reduced. Since about
at. % Al is found in the initial Ni layers, the AES profil
indicates now that both Ni and Al had moved.

4. T5330 °C, t545 min

With a further increase of the annealing temperature
shape of the AES sputter profiles approaches continuo
that in Fig. 7~330 °C, 45 min!. The original alternating Al/Ni

FIG. 6. X-ray-diffraction pattern for an Al/Ni multilayer an
nealed at 200 °C~a! compared with the standards of Al3Ni2 and
AlNi ~b!.

FIG. 7. Concentration vs sputter time profile of an Al/N
multilayer after annealing at 330 °C for 45 min.
f
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structure has disappeared, and with the exception of
partly oxidized surface region one layer with almost hom
geneous Al and Ni concentrations has evolved. Hence
entire multilayer has reacted during the heating proced
The longer tail of the Ni profile in the Si substrate~compared
to that of Al! can be ascribed to the differences of the
spective diffusion coefficients. While the mobility of Al in S
is negligible at temperatures around 300 °C,25 the Ni-Si sys-
tem already starts to form silicides.26 The x-ray spectrum of
a sample annealed at 330 °C is depicted in Fig. 8 and sh
only peaks corresponding to AlNi as a representative of
group of bcc-structured Hume Rothery phases. An aver
grain size of 45 nm is obtained from the width of the diffra
tion lines, which exceeds the thickness of the initial sing
layers.

IV. DISCUSSION

While several conclusions about the mechanism of
investigated temperature induced solid-state reactions h
already been drawn in the previous section, some syno
features will be discussed now. In Fig. 9 the Ni content in

FIG. 8. XRD spectrum of an Al/Ni multilayer sample anneal
for 45 min at 330 °C.

FIG. 9. Al and Ni concentration in the center of the initially pu
Ni and Al sublayers, respectively.
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‘‘Al’’ layers and the Al content in the ‘‘Ni’’ layers is de-
picted as a function of the heating temperature~the annealing
time was always 45 min!. The respective values were alwa
taken from the center of the corresponding sublayers as
ing displayed by the AES concentration sputter time profil
As already mentioned in Sec. III B 1, the initial stages of t
solid-state reaction in the investigated Al/Ni system were
to 160 °C exclusively controlled by the diffusion of Ni int
the Al sublayers. The steplike increase of the Al concen
tion in the ‘‘Ni films’’ at 160 °C indicates the onset of a
additional contribution from moving Al atoms to the partic
transport as the mandatory condition for the solid-state re
tion towards AlNi. As can be seen from Fig. 9, a furth
increase of the annealing temperature leads to an almos
mogeneous film after heat treatment above 250 °C.
slightly lower values of the Al concentrations derived fro
the AES signals must again be referred to the preferen
sputtering effect for Al from an AlNi surface.

The different Al-Ni phases formed by the annealing p
cedure at different temperatures are summarized in Tab
The initial formation of Al3Ni confirms Bene´’s27 rule for the
interfacial reaction between two thin metallic films at mo
erate temperatures. This rule predicts that the first ph
nucleating in such structures is neighbored to the lo
temperature eutectic in the binary phase diagram, i.e., to
in our system. Hence Al3Ni as the Al richest phase shoul
form at first. Thermodynamic considerations on the basis
the differences of the free energyDG ~Refs. 6 and 8! favor
always the formation of AlNi in the present case. Therefo
the thermodynamic driving forces derived from equilibriu
diagrams are not suitable to explain the observed phase
quencing. This is not surprising, because thermal equilibr
conditions were intentionally not achieved in our expe
ments. When considering the combined information of
structural ~XRD! and the depth resolved composition
changes~AES!, we conclude that the particle transport rath
than the obviously much faster nucleation step dominates
solid-state reaction of the system Al-Ni. Especially t
nucleation into Al3Ni, which was preceded by the formatio
of an Al-rich solid solution, is controlled by the supply of N
into the Al regions.

This result compares with previous findings where
growth of Al3Ni in Al/Ni thin-film systems is found to be
diffusion limited with a parabolic time~t! behavior.3,28

Therefore the relationd25Kt should be valid for the thick-
ening d of the Al3Ni phase~K5reaction-rate constant!. In
the present case, the entire Al was found to react into Al3Ni
after a heat treatment at 160 °C for 45 min~Figs. 4 and 5!.
Hence for the respective reaction-rate constantK a lower
limit of 1.17310215cm2/s can be readily calculated und
neglection of possible grain-boundary processes. From
relation K50.387•exp(21.4 eV/kT! cm2 /s which was de-
rived for the formation of Al3Ni on large-grain aluminum
crystals,28 a reaction-rate constant of only 2310217cm2/s is
calculated for 160 °C. The difference of bothK values is
most probably due to the microcrystalline film structure
e-
.

p

-

c-

o-
e

al

-
I.

se
-
l

f

e

se-

-
e

r
he

e

he

our experiments, which provides in comparison with the co
ditions in Ref. 28 an enlarged reaction front across the gr
boundaries in addition to that at the film interfaces. Co
pared to such effects, the influence of a certain texture of
Ni sublayers~see Figs. 1 and 4! serving as the sources of th
migrating Ni atoms might, however, be of less importanc

V. CONCLUSIONS

The solid-state reactions in Al/Ni multilayers with an a
erage composition of 1:1, which were prepared and anne
in situ under ultrahigh vacuum conditions, have been inv
tigated. The combination of compositional~AES sputter
depth profiling! and structural~XRD! analyses was shown t
deliver detailed information about the sequence of interm
diate alloys which are formed along the reaction path fr
elemental Ni and Al towards the final NiAl phase. With in
creasing annealing temperature a metastable solid solutio
Ni in Al is formed at first with Ni as the dominantly moving
species. Subsequently, Al3Ni as the first intermetallic phas
nucleates in the previously interdiffused regions under
nealing at 160 °C. At increased temperatures the reac
proceeds to Al3Ni2 as the next Ni richer intermetallic com
pound in the Al-Ni system. Finally, after a heat treatme
above 250 °C the concentration modulations in the Al/N
multilayer system vanished almost completely, and acco
ing to its average composition the entire layer stack w
converted into AlNi as an example for a bcc-ordered Hu
Rothery phase.
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TABLE I. Solid-state Al-Ni phases forming by annealing
different temperatures for 45 mind: clearly proved,~d!: small
contributions possible.

Temperature

Observed phases

Al Ni Al 3Ni Al 3Ni2 AlNi

As deposited
~< 50 °C!

d d

120 °C d d

160 °C d d

180 °C d d ~d! ~d!

200 °C ~d! d ~d!

250 °C d d

330 °C d
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