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Anomalously large intermixing in aluminum —transition-metal bilayers
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Intermixing has been studied in thin films of the fod@Al and Al/X, whereX represents the transition
metals in rows 4, 5, and 6 of the periodic table. Samples were grown by dc magnetron sputter deposition at
room temperature and investigated using grazing-incidence x-ray reflectometry. Scans of the specular reflec-
tivity have been fitted to determine the total interface width. We deduce the intermixing profile at the interface
and separate it from the topographical roughness. Here intermixing has been measured in the great majority of
the systems, and we find that there is a wide range in the extent of the intermixing. We bring to the attention
of the thin-film community the surprisingly large degree of intermixing at room temperature in many cases.
This phenomenon is not predicted by bulk diffusion parameters.

DOI: 10.1103/PhysRevB.66.104427 PACS nuni®er75.70—i

Deposition of thin films of aluminum is key to a variety of room temperature on substrates consisting of a silicon wafer
technologies. Such films are used, for example, as conduaevith a ~3000-A thermal oxide at the surface. All depositions
tors and passivators and in the fabrication of advanced semvere at normal incidence and with a magnetron power of
sors such as magnetic tunnel junctiofdTJ’s). To date, 200 W at 350 V. The target to substrate distance in the sput-
much attention has been paid to the study of tunnel barrietering system is unusually long, 18 cm, compared to a more
properties and their evolution throughout the fabrication protypical value of 4 cm. For each transition metal two samples
cess. The barriers are known to contain defects, somwere preparedX deposited on Al and Al deposited oh The
naturat and others of artificidl® origin. Factors such as bar- nominal structure for the majority of these samples consisted
rier roughnessand chemical homogeneftpave been inves- of 50 A of each layer; however, for highly reactive samples
tigated as well as the specifics of barrier oxidafion. thicknesses of 100 A and even 200 A of each layer were

There is currently much interest in producing MTJ’s with used.
thinner ALO5 tunnel barriers to achieve lower device resis- Grazing-incidence x-ray reflectivitfGIXR) measure-
tivities and higher values of the magnetoresistaiftelow-  ments were made at Station 2.3 of the Daresbury Synchroton
ever, for barriers less than8 A thick, pinholes in the AlO, Radiation Source and on a Bede GXR1 reflectometer in the
reduce the magnetoresistance sharply. As a result, there Burham laboratory. The specular profile provides averaged
much interest in identifying any nonideal aspects to barriein-plane structural information as a function of depth, such
growth. as layer thickness and total interface width. Analysis of

The barrier is grown by depositing an Al film on a ferro- the diffuse scatter, which arises from the topological rough-
magnetic film and then oxidizing the Al film either with,O ness at the interface, allowed us to resolve the total interface
or with an oxygen plasma. One tricky aspect of barrierwidth into separate components of topological roughness
growth is to oxidize all the Al and none of the ferromagnet.and intermixing parameteX, with each assumed to have an
This goal may be difficult to achieve if there is any mixing at error function distribution. The components add in quadra-
the interface. Consequently, it is of much interest to investiture (0'-2|-=22+ o?). Using the layer thickness parameters
gate any intermixing that may occur when the Al film is and total interface widtlor; derived from the best-fit model
deposited on the ferromagnet. Such was the initial motivato the specular scatter, we can deduce the topological rough-
tion of the present work. However, the surprisingly largenesso by fitting to the diffuse scatter. Hence, the intermixing
extent of the intermixing, in some cases, led us to expand thparamete2, can be extracted. Note that wh&nexceedss
study to nonmagnetic metals. Al and transition-metal filmsby greater than a factor of about 3, the contribution of the
are widely used in device technologies, and knowledge ofopological roughness to the total interface widthr; is
the interface widths in these systems should promote amall(less than 5.5%
deeper understanding of the growth and subsequent device The specular data have been fitted using Bleele REFS
optimization. This paper presents a systematic study of theiERCURY code® The program uses a genetic algorithm to
intermixing length in sputter-deposited Al-transition-metalachieve a best fit between the data and that simulated for a
films, most of which were previously unexplored. It is the model structure within the distorted-wave Born approxima-
first step in an ongoing study towards understanding fullytion. Within this code, the interface profile follows an error
such systems. function and it was sometimes necessary to introduce extra

The samples were made at the National Institute of Staneompound layers to provide an accurate fit. The diffuse scat-
dards and TechnologyNIST) by dc magnetron sputtering ter was modeled by the Bedeers codel® which uses a
using 2 mTorr(0.27 PaAr. Metal bilayers were deposited at fractal model! to describe the individual interfaces.
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TABLE |. Modeling parameters for films with nominal
structures: (@) Sio, /Pt(50 A)/AI(50 A) and  (b)
SiO, /AI(50 A)/Pt(50 A). The “interface width” refers to the in-
terface at the top of the indicated layer and includes both intermix-
ing and topological roughness.
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approximation to deduce an average interface roughfess
which is then used to correct the specular data. Explicitly

I pi /1 spec EXF(C]§<0'>2) -1, (1)

whereq, is the out-of-plane component of the scattering vec-
tor.

As examples from the large data set collected, specular
profiles with their corresponding fits for the Pt and Mo
sample sets are presented in Figs. 1 and 2. The specular data
have been corrected for the effect of forward diffuse scatter
by subtraction of the intensity in a simil#-26 scan made
with the specimen offset by-0.1° from the specular condi-
tion. Well-defined features observed in the Al grown on Pt
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FIG. 2. Specular profile and simulated fit for films with nominal
structures  (a) SiO, /Mo(50 A)/Al(50 A) and (b
SiO, /AI(50 A)/Mo(50 A). Measurements made at a wavelength
of 1.3 A

FIG. 3. Transverse diffuse scan and simulated fit at figed
across the peak of a Kiessig fringe for SiPt(50 A)/AI(50 A).
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TABLE Il. Resolved components of topological roughness
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analysis are presented in Table Ill. We have defined the total

and intermixingX, used to model the transverse diffuse fit seen inintermixing length as the sum of the mixing across all mod-

Fig. 3. eled interfaces between Al an| plus the thickness of any
Topological | — extra compound layers
opologica ntermixing The intermixing lengths in these sputtered polycrystalline
roughness parameter . . . .
Layer o (R) s () Al f||_ms listed in .Table [Il are considerably Iarger.than those
obtained by Smith and co-workets:**where an ion-beam
Sio, 11 34 scattering technique was used to investigate low-index single
Pt 3.4 115 crystals of Al. Further, the variation in intermixing length
Al(0.5P1(0.5) 11 3.8 from one system to another is very large. There is also a
Al 1.4 4.8 striking difference in mixing length between samples of Al
AlO, 25 6.5 on X, andX on Al. In all cases, the intermixing lengths for Al

on X are considerably smaller than those ¥oon Al.

The accuracy of the measurements listed in Table Il de-
Al [Fig. 1(b)]. The models used for the specular fits seen inpends on the extent of the intermixing and is set by the
Fig. 1 are presented in Table I. To illustrate the sensitivity ofprecision in fitting the specular profile to a chosen model.
the technique, an Al on Pt sample has been simulated with aBamples with relatively little mixing have a well-defined lay-
additiond 5 A of Al ;.Pt;, at the interface. The specular pro- ered structure, which is noted through the strong features
files for Al on Mo and Mo on Al have similar characteristics. observed in the specular prof{leee Figs. (a) and Za)]. The
These two examples are in no way outstanding within thditting software provides a higher degree of accuracy with
data set. such profiles and precise values for the interface width are

Scans of the specimen with respect to fixed detector werseen. As an example, the intermixing length for Al on Co has
taken across both a maximum and minimum in the Kiessigoeen found to be 81 A with five independent samples
interference fringes, transversely in reciprocal space. An exgrown in more than one laboratory. Samples with a relatively
ample of such a transverg§®cking curve scan of Alon Ptis large amount of intermixing have a greater uncertainty. A
given in Fig. 3. The solid line is a fit to the data using thestudy of several Ru on Al samples gave an intermixing
parameters listed in Table 1, and we note that the sum idength of 52- 10 A. The highly reactive Ag on Al system
quadrature of the topological roughnessand intermixing  gave values of 45 and 64 A for nominally identical samples.
parameter is consistent with the total interface width de- We are unable to present a model to explain fully the
duced from the specular scatfdable (a)]. At all interfaces  experimental results. The only correlation found between in-
o<3. The in-plane correlation length of 200 A is of the termixing length and bulk parameters was between cohesive
order of the grain size observed in most sputtered materialsnergy and the intermixing length, as illustrated in Fig. 4.
and the fractal parameter of 0.8 represents a nearly twoFhe plot shows a general decrease in intermixing length with
dimensional fractal interface. increasing cohesive energy for sample types ADo(X on

Data have been taken for all metals in groups 3, 4, and &l reveals a very similar trendHeats of alloying taken from
of the periodic tablgwhich the exception of Tc, which is de Boet® based on Miedema’s model for 1:1 alloys, show no
radioactivg. The intermixing lengths deduced from the correlation with intermixing length.

TABLE lIl. The intermixing length, in A, for transition metatérom groups 3, 4, and)5grown on Al and Al grown on transition metals.

Ti \% Cr Mn Fe Co Ni Cu

Al Ti Al \% Al Cr Al Mn Al Fe Al Co Al Ni Al Cu

on on on on on on on on on on on on on on on on

Ti Al \% Al Cr Al Mn Al Fe Al Co Al Ni Al Cu Al

17 50 26 94 5 33 104 151 9 21 8 68 14 79 28 168
Zr Nb Mo Tc Ru Rh Pd Ag

Al Zr Al Nb Al Mo Al Ru Al Rh Al Pd Al Ag

on on on on on on on on on on on on on on
Zr Al Nb Al Mo Al Ru Al Rh Al Pd Al Ag Al

10 51 8 36 13 34 8 52 4 47 48 56 25 45
Hf Ta W Re Os Ir Pt Au

Al Hf Al Ta Al W Al Re Al Os Al Ir Al Pt Al Au

on on on on on on on on on on on on on on on on
Hf Al Ta Al w Al Re Al Os Al Ir Al Pt Al Au Al

20 44 1 9 1 35 21 86 1 71 2 54 19 45 52 63
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120 4 temperature. The stability of the samples also supports the
100 4 . view that bulk diffusion rates do not determine the intermix-
ing length. For example, an Al/Co sample showed no notice-
able change in interface structure after one year. Grain
boundary and surface diffusion processes, which are gener-
ally much more facile, seem to be responsible for intermix-
ing during the deposition process.

Specular reflectivity measurements provide no informa-
tion on the in-plane interface structure and so the measured
intermixing length is therefore an average across the sample.

~20 +——— ———— —r—1 —— Diffuse scatter is not sensitive to grain boundary density but
200 300 400 500 800 700 00900 1000 influences such as local penetration along grain boundaries
are unlikely to be sufficiently large to account for the wide

FIG. 4. The correlation between the intermixing length and thevariation in the intermixing length.
cohesive energy of elemedt in the sample set Al oiX with an The asymmetry observed in the intermixing lengths be-
exponential fit as a “guide to the eye.” tween Al onX and X on Al is consistent with the interface

asymmetry found recently by Bigaugt al’ in Ni/Au mul-
_ , _ _ tilayers and Luoet al® in NiFe/Cu multilayers, both using

It is unlikely that energetic atoms produced in the sputter4nomalous x-ray scattering. Bigawt al. suggest that such
ing process contribute apprepiably to intermixing. In theg, asymmetry indicates that dynamicalit-of-equilibrium
deposition system, the large distance between the target auggregation driven by the growth front probably determines
substrate(18 cm is equivalent to approximately 10 mean the intermixing length. Colgan and collaborators have stud-

free paths in the sputtering gas at 2 mTorr. The resultingeq the interdiffusion on annealing in thin films of Ni/Al,
~100 collisions with Ar atoms and ions will thermalize es- pya| 20 ang pd/ARZ In all cases, interdiffusion proceeds via

sentially all sputtered atoms before they reach the substratg,iermetallic compound formation but the minimum reaction
The largest atomic diameter is 1.67 A

: : for Hf, the smallest isemperature was found to be 300°C for Ni/Al, 225°C for
1.24 A for Ni, and thus to first order, the mean free path iSpt/Al. and 250 °C for Pd/A

independent of element. Even the row-6 atoms, which have Tp¢ intermixing lengths and any associated asymmetry of

the greatest mass, should be well thermalized in 100 collithe ynannealed samples, grown below 60 °C, were not deter-
sions. We note that, on average, more mixing is observed ifjined from the Rutherford backscattering data presented.
row4thar_1 in row 6, even though Ilght_ atoms therm_allze withgy data, using GIXR techniques to examine the surface
fewer collisions. Thus, we see no evidence that high-energyerage intermixing in almost the whole series of sputtered
impact accounts for the large amount of intermixing ob-aransition-metal bilayers, represent hitherto unknown in-
served. , o ~ formation that is highly relevant to the thin-film community.
Furthermore, bulk interdiffusion rates of the thermalizedtpe surprisingly large degree and wide range of intermixing

atoms cannot account for the observed intermixing lengthsyt room temperature, are not predicted by bulk diffusion pa-
From publlshed .values of_ the_ activation energy and via th@ ameters and we believe not generally appreciated.
Arrhenius equation, the diffusion rate from one atomic spe-

cies into another can be calculated. Using dat&inithells The authors gratefully acknowledge the support of Chiu
Metals Reference BogR we find that the bulk diffusion pa- Tang, Station 2.3 at Daresbury SRS and the financial support
rameters show no correlation with the observed intermixingrom EPSRC and Seagate Technology. B.K.T. thanks the Le-
length and do not predict such large intermixing at roomverhulme Trust for financial support.
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