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Compositional and structural characterization of temperature-induced solid-state reactions
in Al/Ni multilayers
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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
Al sNig 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 spectroscofES) 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 intgNhehdse. With a
further increase of the annealing temperature the reaction proceeded to the formatighligf &hd finally
above 250 °C to a homogeneous layer of bcc ordered AlNi.

I. INTRODUCTION 1x 10" "mbarg. The substrates were alternately turned to
the corresponding magnetron. The deposition time was con-
Intermetallic compounds formed by solid-state reactionsrolled by a movable shutter in front of each sputter source.
in thin-film structures play an important role in heat and In a first series of experiments pure Al and Ni films were
corrosion resistant coatings or in metallization layers of mi-deposited with a growth rate of about 20 A/min for Ni and
croelectronic devices, and have been the subject of consides0 A/min for Al. These values were determines situby
able research? Even when the pertinent thermodynamic in- thickness measurements with a mechanical step profilometer.
formation is available, the understanding and control ofwith the particle densitiesn(Ni)=9.13x 10??cm 2 and
phase sequencing and of the respective solid-state reactiongAl) =6.02< 10°?cm 2 taken from Ref. 13 a ratio
is rather difficult, and requires knowledge of the particled(Al)/ d(Ni) of 1.52 between the individual sublayer thick-
transport and the nucleation kinetics. Multilayer samples ar¢iessesi must be established to obtain an average 1:1 stoichi-
highly suited to investigate the related interdiffusion mecha-ometry(50 at. % Al, 50 at. % Niin a multilayer stack. Based
nism and phase evolution, because they provide quite a nungn these data the deposition times were chosen to produce
ber of reacting interfaces and well defined regions for thesamples consisting of four double layers, each of 20-nm Ni
formation of intermetallic phases. and 30.3-nm Al. Without breaking the vacuum the speci-
As an example of also technical importaridghe forma-  mens were then directly transferred to the heating chamber
tion of aluminide films by temperature treatment of Al/Ni and annealed by the radiation of halogen lamps at tempera-
multilayers with an average composition of ANigs Was  tures between 120 and 330 °C for always 45 min.
studied in the present work. Previous investigations have After cooling down to room temperature, the annealing
shown in essence that MNi forms as the first crystalline induced compositional and structural changes were deter-
phase in Al/Ni diffusion couples:® However, there is, for minedex situby AES sputter depth profiling and x-ray dif-
example, not yet clear evidence of the dominantly movingfraction. The AES analyses were performed at a primary
species in the initial stages of its growth. The Al/Ni systemelectron energy of 5 keV under bombardment with a raster-
has been chosen since the corresponding phase diagram eganned 2-keV Af ion beam. An ion current densiffAr ™)
hibits a limited number (five) of stable intermetallic of about 22uA/cm? was used with exception of the sample
compounds? For the characterization of the temperature in-annealed at 330 °Gj(Ar+)~43uAlcm?]. To convert the
duced compositional and structural changes Auger electropeak-to-peak amplitudes of the differentiated (KLL ), Ni
spectroscopyAES) sputter depth profiling and x-ray diffrac- (LMM), Si (LMM ), and O(KLL ) Auger signals into concen-

tion (XRD) were employed. trations, sensitivity factors were determinéd situ for
samples of well-known stoichiometry. With concern of the
Il. EXPERIMENT small total thickness of the multilayer structure of about 200

nm, the structural investigations were carried out with x-ray

The AI/Ni multilayers were prepared on smooth00-  diffraction in a parallel beam geometry at an angle of x-ray
silicon substrates by rf-magnetron sputtering. The depositiofhcidence below 1° and the scattering plane perpendicular to
chamber is a part of a complex ultrahigh vacugoHV) the sample surface.
system which has been already described elsewfiéfand
comprises separate chambers for sample introduction, sur- Ill. RESULTS
face analysis, and sample annealing. The individual Ni and _ )
Al sublayers were produced by two rf sputter magnetrons, A. Unheated A/Ni multilayer
which were equipped with high-purity Ni and Al targets and  The x-ray-diffraction pattern of the unheated sample in
operated with Ar at 3.8 10”2 mbars(residual gas pressure Fig. 1 contains only peaks of polycrystalline Al and Ni. It
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double layer thickness of 63 nm, and was ascribed to Ni
diffusion during the film preparatiol?. This explanation
seems unsuitable in the present case because the deposition
temperature did not exceed 50 °C, and diffusion induced phe-
nomena should for time reasons be more pronounced in the
deeper lying Al sublayers being deposited at first. Addition-
ally, the Al—Ni interfaces remain always sharper than that
for Ni—AlL
Similarly, in depth profiles of Ta/Si multilayer structures
measured with secondary neutral mass spectroni@iyS)
Ta was found to move into the next deeper Si sublayer but
100 . . : , : . not vice versa® Hence the analyzing process itself is prob-
(b) Aluminium ably the reason for the measured Ni concentration profiles. A
plausible explanation in both cases might be obtained from
| collisional (or radiation enhanced particle transport across
108 : : : : the interfaces and preferential sputter removal of the lighter
' ('b) Nickel constituent Al or Si when the mixed interface region is form-
ing. This is in accordance with other studies, in which Al has
been found to be preferentially sputter removed from the
0 m m | = l L surface of Al-Ni alloys under keV ion bombardmét®
20 [] Additional depth profiling of an unheated layer stack with
the mass spectrometr Cs'-techniqué® (M stands for Ni
FIG. 1. Comparison of the XRD pattern of an as-depositedor Al in the present cageemploying 5.5-keV C$ ions for
AI/Ni multilayer structure of a total thickness of 200 nf@ with sputter removal resulted not only in a reduction of the ex-
standard diffraction diagrams of Al and Kb). perimental width of the NiAl interfaces by a factor of
about 2.5 compared to the AES-sputter profiles in Fig. 2.
should be noted that the enhancement of the Ni-diffractiorMoreover, the presumably fictitious Ni content in the Al lay-
peak at 2=76°, referring to the220) planes, indicates a ers was found to be only 3—4 at. %. Such differences can be
(111 texture of the Ni sublayers in the sputter-depositedunderstood from the shallower information depth of about
layer stacks. The corresponding AES concentration sputtef—3 atomic layers with th# Cs* technique compared to the
time profile depicted in Fig. 2 displays the modulations of Al mean escape depth of about 8 monolayers of the 848 eV Ni
and Ni as expected for such an alternating structure. Becau$eMM )-Auger electrons. Like the AES profile in Fig. 2 the
the time intervals for sputter removal of the individual Ni MCs" profiles display a pronounced asymmetry of the inter-
and Al sublayers are almost the same, and the total amoufdces: The Ni-Al—transitions are always followed by a Ni
of particles is equal in each of thefaverage 1:1 composi- tajl into the next deeper Al sublayer, whereas the-Ali
tion), the differences of the elemental sputter yie¥def Al interface is always steeper, and zero Al—concentration is
and Ni under 2-keV Ar bombardment must be small. This rapidly reached in the next deeper Ni sublayer. It is this
finding compares well with previously reportedAl) and  asymmetry in the sputter profiles which indicates the profil-
Y(Ni) values'* ing ion bombardment to cause Ni to move into Al but not
An aspect—astonishing in the first instance—of Fig. 2 isyice versa. Thus the depth profiles of the unheated layer

the presence of Ni with about 13 at. % in the three “hidden” stacks indicate already the Ni atoms to be the more mobile
aluminum layers, contrary to the composition of the upperspecies in the Al-Ni system.

most Al layer. A similar behavior was observed by others in
AES sputter depth profiles of Al/Ni multilayers with a

intensity [arb. u.]

B. Annealed multilayers
100
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-0 i The structural information from the XRD diagram of an

: Al/Ni multilayer annealed at 120 °C for 45 min differs not
——0 significantly from that of the as-deposited sample. Only the
e A intensities of the Al peaks were reduced. On the other hand,
e ';' the concentration sputter time profilEig. 3) derived from
o the AES signals shows an increased Ni content of more than
20 at. % in the Al layers, while there is still no indication of
aluminum in the Ni films. Again the sputter induced inter-
face effects are visible.

Although the reaction partners were now mixed to some
extent, no ordered Al/Ni phase has grown. This indicates the
formation of regions with an Al-rich solid solution where the
Ni concentration exceeds the equilibrium solubility of 0.025

FIG. 2. Concentration vs sputter time profile of an as-depositedat. %2° Such supersaturated solid solutions in the Al/Ni sys-
AI/Ni multilayer on Si substrate. tem are known to occur during the rapid cooling of liquid
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FIG. 3. Concentration vs sputter time profile of a sample after ol ”I . ” |
annealing at 120 °C for 45 min. 100 T v T "
(b) Nickel
alloys (7.7 at. % Ni in A),%° or by quenching from the vapor | I
phase(up to 20.9 at.% Ni in AL'° The observed mixing 0 | L,
effect seems to be determined by a higher mobility of the Ni 40 60 80 100
particles in Al. This is corroborated by the differences of the 20 []
activation energy for the diffusion of Al in Ni64 kcal/mol®* . .
62.1 kcal/mol(Ref. 22] and of Ni in Al [35 kcal/mol(Ref. FIG. 4. Comparison of the XRD spectrum of an AINi

23)]. Of course, additional factors such as a high defect denu!tilayer after annealing at 160 °C for 45 mig) with standard
sity or residual stress can affect the diffusion behavior jndifraction diagrams of ANi and Ni (b).
thin-film structures. This may explain the deviating conclu- _
sions of different authors about the dominantly moving speil€ €xception of some parts of the topmost Al layer reacted
cies during low-temperature interdiffusion in  AUNi into the ALNi configuration. The AJNi sublayers in the now
systems$~7 The higher mobility of Ni in Al may—besides generated ANIi/Ni multilayer structure should contain 25
ion bombardment effects—also contribute to the broadeningt- % Ni. The higher Ni concentrations in Fig. 5 as derived
of the Ni—Al interfaces observed in the AES sputter depth™om the AES signals can readily be ascribed to the already
profiles. Both influences can, however, hardly be separate'ﬂi‘e”t'oned_'on bombardment effects. The increase of the Ni
from each other. concentration by about 10% over the nominal value for
Al5Ni fits well with the results from the unbaked sample.
2 T=160°C. t=45 min Thus the small plateau in the topmost Al layer confirms also

the formation of A}Ni by an atomic transport from the un-
An increase of the annealing temperature from 120 taderlying Ni layer.

160°C, i.e. of only 40°C, leads to a pronounced structural
transition within the multilayer. As can be seen from the 3. T=200°C, t=45min
,)Aile? spectrum in Fig. €& the c_hffractlon peaks_of e_IementaI After heat treatment at 200 °C for 45 min advanced struc-
ave disappeared, and adjacent to the main Ni peak, ne | changes were observed. The corresponding x-rav dif-
peaks appear which are characteristic for the crystalliné\(”a. ges we ved. . ponding x-ray di
) ; . raction pattern(Fig. 6) clearly provides evidence for the
Al3Ni phase(cf. to Fig. 4b) with the ICDD standard$ of (ormation of the AINi. oh h K
Al3Ni and Ni). The measured concentration-vs-erosion time ormation of the ANi; phase, whereas any more peaks cor-
profile in Fig. 5 displays a further increased Ni cont€s
at. %9 in the Al films which are still separated by pure Ni
layers. Again the existence of @10 texture in the still .
present Ni sublayers becomes visible from the increased < 8 *‘.‘ i i
Ni(220) x-ray-diffraction peak around 76° in Fig(a). ; S S
According to the results in Figs. 4 and 5,5Ni is the first
intermetallic compound to form when the AI/Ni multilayer
structure is annealed at a sufficiently high temperature. The
growth of this phase is evidently determined by the diffusion
of Ni into the Al layers. There is no experimental indication £
for the existence of a crystalline metastable compo(nd 20 -
phase, ANi,) as observed in other studies when annealing 3
Al/Ni multilayers of considerably larger single layer thick- k!
nesses between 80 and 400 fiBecause there exists no 0 1000 2000 . 3000 4000 5000
. . . . . sputter time[s]
solid solution of Ni in Al with a concentration close to the
Al3Ni stoichiometry? and there are no indications for an-  FIG. 5. Concentration vs sputter time profile of an AINi
other Al-Ni phase, the whole Al of the layer structure with multilayer sample annealed at 160 °C for 45 min.
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FIG. 8. XRD spectrum of an Al/Ni multilayer sample annealed
0 | | | | for 45 min at 330 °C.
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structure has disappeared, and with the exception of the
partly oxidized surface region one layer with almost homo-
geneous Al and Ni concentrations has evolved. Hence the
entire multilayer has reacted during the heating procedure.
The longer tail of the Ni profile in the Si substrammpared

to that of Al can be ascribed to the differences of the re-
responding to AlNi are detectable. Especially the diffraction spective diffusion coefficients. While the mobility of Al in Si
peaks at 25.5° and 48.6° are attributed to(th&0) and(111) is negligible at temperatures around 300°°Ghe Ni-Si sys-
planes of the ANi, phase. Additionally, the reacted layers tem already starts to form silicidé$The x-ray spectrum of
may already include small amounts of AINi. A separation ofa sample annealed at 330 °C is depicted in Fig. 8 and shows
the AINi—from the ALNi,—peaks was not possible becauseonly peaks corresponding to AINi as a representative of the
of the not sufficiently high angular resolution of the XRD group of bcc-structured Hume Rothery phases. An average
equipment. The corresponding AES depth profilgmt  grain size of 45 nm is obtained from the width of the diffrac-
shown herg reveal that the modulations of the Al and Ni tion lines, which exceeds the thickness of the initial single
concentrations are now strongly reduced. Since about 3kyers.

at. % Al is found in the initial Ni layers, the AES profile

indicates now that both Ni and Al had moved.

20[7]

FIG. 6. X-ray-diffraction pattern for an Al/Ni multilayer an-
nealed at 200 °Ga) compared with the standards of ;Ali, and
AINi (b).

IV. DISCUSSION

4, T=330°C,t=45min . . .
While several conclusions about the mechanism of the

With a further increase of the annealing temperature thgnestigated temperature induced solid-state reactions have
shape of the AES sputter profiles approaches continuously|ready been drawn in the previous section, some synoptic
that in Fig. 7(330 °C, 45 min. The original alternating AI/Ni  features will be discussed now. In Fig. 9 the Ni content in the
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FIG. 7. Concentration vs sputter time profile of an AI/Ni

multilayer after annealing at 330 °C for 45 min.
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FIG. 9. Al and Ni concentration in the center of the initially pure

Ni and Al sublayers, respectively.
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“Al” layers and the Al content in the “Ni” layers is de- TABLE I. Solid-state Al-Ni phases forming by annealing at
picted as a function of the heating temperatithe annealing  different temperatures for 45 mi@®: clearly proved,(®): small
time was always 45 mjn The respective values were always contributions possible.

taken from the center of the corresponding sublayers as bé=
ing displayed by the AES concentration sputter time profiles. Observed phases
As_already men';ion_ed in Sec. ll1B1, the ini_tial stages of theTemperature Al Ni Al Ni Al Ni, AINi
solid-state reaction in the investigated Al/Ni system were up

to 160 °C exclusively controlled by the diffusion of Ni into  As deposited @ (]

the Al sublayers. The steplike increase of the Al concentra- (< 50°C)

tion in the “Ni films” at 160 °C indicates the onset of an 120°C () ®

additional contribution from moving Al atoms to the particle 160°C (] (]

transport as the mandatory condition for the solid-state reac- 180°C [ ® (@) (@)
tion towards AINi. As can be seen from Fig. 9, a further 200°C (@) ) (@)
increase of the annealing temperature leads to an almost ho- 250°c Y Y
mogeneous film after heat treatment above 250°C. The 330°c ®

slightly lower values of the Al concentrations derived from

the AES signals must again be referred to the preferential

sputtering effect for Al from an AINi surface. our experiments, which provides in comparison with the con-
The different Al-Ni phases formed by the annealing pro_ditions in Ref. 28 an enlarged reaction front across the grain

cedure at different temperatures are summarized in Table Poundaries in addition to that at the film interfaces. Com-

The initial formation of ALNi confirms Ben&?’ rule for the pared to such effects, the influence of a certain texture of the

interfacial reaction between two thin metallic films at mod- Ni sublayers(see Figs. 1 and)4erving as the sources of the

erate temperatures. This rule predicts that the first phas@igrating Ni atoms might, however, be of less importance.

nucleating in such structures is neighbored to the low-

temperature eutectic in the binary phase diagram, i.e., to Al

in our system. Hence ANi as the Al richest phase should V. CONCLUSIONS

form _at first. Thermodynamic considerations on the basis of The solid-state reactions in Al/Ni multilayers with an av-

the differences of .the free e.nlerggG (Refs. 6 and Bfavor erage composition of 1:1, which were prepared and annealed

always the formation of AINi in the present case. Therefore

the th q i driving f derived f b in situ under ultrahigh vacuum conditions, have been inves-
1€ thermodynamic drnving forces derived from equiiibrium tigated. The combination of compositionéAES sputter
diagrams are not suitable to explain the observed phase

X L o o SSépth profiling and structura(XRD) analyses was shown to
quencing. This is not surprising, because thermal eqw“b”u.nlieliver detailed information about the sequence of interme-

conditions were intentionally not achieved in our experi- . ; ;
o . ; . diate alloys which are formed along the reaction path from
ments. When considering the combined information of the Y 9 P

tructural (XRD d the depth ved i IeIementaI Ni and Al towards the final NiAl phase. With in-
structural { ) an € depth resolved compositiona creasing annealing temperature a metastable solid solution of
Cr? anghe i{AE S), wle conclhu]ge that th? particle trar;sport ratheLNi in Al is formed at first with Ni as the dominantly moving
than the obviously much faster nucleation step dominates t ; . g :

solid-state reaction of the system AI-Ni. Especially thegpemes. Subsequently, Ali as the first intermetallic phase

o . . .~ “nucleates in the previously interdiffused regions under an-
nucleatpn Into AéN" W.h'Ch was preceded by the formann nealing at 160 °C. At increased temperatures the reaction
of an Al-rich solid solution, is controlled by the supply of Ni

into the Al reaions proceeds to ANi, as the next Ni richer intermetallic com-
This resultg corﬁ ares with previous findinas where thepound in the Al-Ni system. Finally, after a heat treatment
rowth of ALNI in KI/Ni thin-filr?n Svstemns is fgund t0 be above 250 °C the concentration modulations in the Al/Ni-
giffusion Iim3ited with a arabolicy time(t) behavior?® _multllayer system vanlshed_almost completely, and accord-
Therefore the relatiod2=Kpt should be valid for the tHick— Ing o its average composition the entire layer stack was
ening d of the AlNi phase (K = reaction-rate constantin converted into AINi as an example for a bcc-ordered Hume
3 - = o

the present case, the entire Al was found to react ingNiAl Rothery phase.
after a heat treatment at 160 °C for 45 ngfigs. 4 and b

Hence for the respective reaction-rate consténa lower

limit of 1.17x 10 > cn?/s can be readily calculated under

neglection of possible grain-boundary processes. From the The present work is part of a project in the Schwer-
relation K=0.387 exp(—1.4 eV/kT)cn?/s which was de- punktsprogramm “Reaktivita von Festkopern” of the
rived for the formation of ANi on large-grain aluminum Deutsche Forschungsgemeinschaft. Financial support from
crystals?® a reaction-rate constant of onlyx2l0” " cn¥é/s is  this organization is gratefully acknowledged. Thanks are due
calculated for 160°C. The difference of bokh values is to H. Gnase(IFOS Kaiserslauteprfor the M Cs"-depth pro-
most probably due to the microcrystalline film structure infiling measurements.
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