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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 formX/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.
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Deposition of thin films of aluminum is key to a variety o
technologies. Such films are used, for example, as con
tors and passivators and in the fabrication of advanced
sors such as magnetic tunnel junctions~MTJ’s!. To date,
much attention has been paid to the study of tunnel bar
properties and their evolution throughout the fabrication p
cess. The barriers are known to contain defects, so
natural1 and others of artificial2,3 origin. Factors such as ba
rier roughness4 and chemical homogeneity5 have been inves
tigated as well as the specifics of barrier oxidation.6

There is currently much interest in producing MTJ’s wi
thinner Al2O3 tunnel barriers to achieve lower device res
tivities and higher values of the magnetoresistance.7,8 How-
ever, for barriers less than;8 Å thick, pinholes in the Al2O3
reduce the magnetoresistance sharply. As a result, the
much interest in identifying any nonideal aspects to bar
growth.

The barrier is grown by depositing an Al film on a ferr
magnetic film and then oxidizing the Al film either with O2
or with an oxygen plasma. One tricky aspect of barr
growth is to oxidize all the Al and none of the ferromagn
This goal may be difficult to achieve if there is any mixing
the interface. Consequently, it is of much interest to inve
gate any intermixing that may occur when the Al film
deposited on the ferromagnet. Such was the initial moti
tion of the present work. However, the surprisingly lar
extent of the intermixing, in some cases, led us to expand
study to nonmagnetic metals. Al and transition-metal fil
are widely used in device technologies, and knowledge
the interface widths in these systems should promot
deeper understanding of the growth and subsequent de
optimization. This paper presents a systematic study of
intermixing length in sputter-deposited Al–transition-me
films, most of which were previously unexplored. It is th
first step in an ongoing study towards understanding fu
such systems.

The samples were made at the National Institute of S
dards and Technology~NIST! by dc magnetron sputterin
using 2 mTorr~0.27 Pa! Ar. Metal bilayers were deposited a
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room temperature on substrates consisting of a silicon w
with a ;3000-Å thermal oxide at the surface. All depositio
were at normal incidence and with a magnetron power
200 W at 350 V. The target to substrate distance in the s
tering system is unusually long, 18 cm, compared to a m
typical value of 4 cm. For each transition metal two samp
were prepared:X deposited on Al and Al deposited onX. The
nominal structure for the majority of these samples consis
of 50 Å of each layer; however, for highly reactive sampl
thicknesses of 100 Å and even 200 Å of each layer w
used.

Grazing-incidence x-ray reflectivity~GIXR! measure-
ments were made at Station 2.3 of the Daresbury Synchro
Radiation Source and on a Bede GXR1 reflectometer in
Durham laboratory. The specular profile provides avera
in-plane structural information as a function of depth, su
as layer thickness and total interface widthsT . Analysis of
the diffuse scatter, which arises from the topological roug
ness at the interface, allowed us to resolve the total interf
width into separate components of topological roughness
and intermixing parameterS, with each assumed to have a
error function distribution. The components add in quad
ture (sT

25S21s2). Using the layer thickness paramete
and total interface widthsT derived from the best-fit mode
to the specular scatter, we can deduce the topological rou
nesss by fitting to the diffuse scatter. Hence, the intermixin
parameterS can be extracted. Note that whenS exceedss
by greater than a factor of about 3, the contribution of t
topological roughnesss to the total interface widthsT is
small ~less than 5.5%!.

The specular data have been fitted using theBede REFS
MERCURY code.9 The program uses a genetic algorithm
achieve a best fit between the data and that simulated f
model structure within the distorted-wave Born approxim
tion. Within this code, the interface profile follows an err
function and it was sometimes necessary to introduce e
compound layers to provide an accurate fit. The diffuse s
ter was modeled by the BedeREFS code,10 which uses a
fractal model11 to describe the individual interfaces.
©2002 The American Physical Society27-1
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FIG. 1. Specular profile and simulated fit for films with nomin
structures ~a! SiO2 /Pt(50 Å)/Al(50 Å) and ~b!
SiO2 /Al(50 Å)/Pt(50 Å). Measurements made at a wavelength
1.3 Å.

FIG. 2. Specular profile and simulated fit for films with nomin
structures ~a! SiO2 /Mo(50 Å)/Al(50 Å) and ~b!
SiO2 /Al(50 Å)/Mo(50 Å). Measurements made at a waveleng
of 1.3 Å
10442
Modeling of the diffuse scatter using REFS is tim
consuming and we find thats!S in all cases. In most in-
stances we have therefore used the diffuse (I diff) and specu-
lar (I spec) intensities, integrated with respect to the in-pla
component of the scattering vectorqx , within the Born wave
approximation to deduce an average interface roughness^s&,
which is then used to correct the specular data. Explicitly

I Diff /I spec5exp~qz
2^s&2!21, ~1!

whereqz is the out-of-plane component of the scattering ve
tor.

As examples from the large data set collected, spec
profiles with their corresponding fits for the Pt and M
sample sets are presented in Figs. 1 and 2. The specular
have been corrected for the effect of forward diffuse sca
by subtraction of the intensity in a similaru–2u scan made
with the specimen offset by20.1° from the specular condi
tion. Well-defined features observed in the Al grown on
sample@Fig. 1~a!# indicate immediately a greater degree
structural definition and thus a lower degree of mixing acr
the interface in comparison to the sample grown with Pt

f

FIG. 3. Transverse diffuse scan and simulated fit at fixedqz

across the peak of a Kiessig fringe for SiO2 /Pt(50 Å)/Al(50 Å).

TABLE I. Modeling parameters for films with nomina
structures: ~a! SiO2 /Pt(50 Å)/Al(50 Å) and ~b!
SiO2 /Al(50 Å)/Pt(50 Å). The ‘‘interface width’’ refers to the in-
terface at the top of the indicated layer and includes both interm
ing and topological roughness.

Layer
Thickness

~Å!
Interface
width ~Å!

~a! SiO2 /Pt/Al
SiO2 4

Pt 54 12
Al ~0.5!Pt~0.5! 11 4

Al 39 5
AlO2 17 7

~b! SiO2 /Al/Pt
SiO2 3
Al 24 3

Al ~0.2!Pt~0.8! 37 16
Pt 61 11

PtO2 22 11
7-2
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Al @Fig. 1~b!#. The models used for the specular fits seen
Fig. 1 are presented in Table I. To illustrate the sensitivity
the technique, an Al on Pt sample has been simulated wit
additional 5 Å of Al 50Pt50 at the interface. The specular pro
files for Al on Mo and Mo on Al have similar characteristic
These two examples are in no way outstanding within
data set.

Scans of the specimen with respect to fixed detector w
taken across both a maximum and minimum in the Kies
interference fringes, transversely in reciprocal space. An
ample of such a transverse~rocking curve! scan of Al on Pt is
given in Fig. 3. The solid line is a fit to the data using t
parameters listed in Table II, and we note that the sum
quadrature of the topological roughnesss and intermixing
parameterS is consistent with the total interface width d
duced from the specular scatter@Table I~a!#. At all interfaces
s!S. The in-plane correlation length of 200 Å is of th
order of the grain size observed in most sputtered mate
and the fractal parameter of 0.8 represents a nearly t
dimensional fractal interface.

Data have been taken for all metals in groups 3, 4, an
of the periodic table~which the exception of Tc, which is
radioactive!. The intermixing lengths deduced from th

TABLE II. Resolved components of topological roughnesss
and intermixingS, used to model the transverse diffuse fit seen
Fig. 3.

Layer

Topological
roughness

s ~Å!

Intermixing
parameter

S ~Å!

SiO2 1.1 3.4
Pt 3.4 11.5

Al ~0.5!Pt~0.5! 1.1 3.8
Al 1.4 4.8

AlO2 2.5 6.5
10442
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analysis are presented in Table III. We have defined the t
intermixing length as the sum of the mixing across all mo
eled interfaces between Al andX, plus the thickness of any
extra compound layers

The intermixing lengths in these sputtered polycrystall
Al films listed in Table III are considerably larger than tho
obtained by Smith and co-workers.12–14 where an ion-beam
scattering technique was used to investigate low-index sin
crystals of Al. Further, the variation in intermixing lengt
from one system to another is very large. There is als
striking difference in mixing length between samples of
on X, andX on Al. In all cases, the intermixing lengths for A
on X are considerably smaller than those forX on Al.

The accuracy of the measurements listed in Table III
pends on the extent of the intermixing and is set by
precision in fitting the specular profile to a chosen mod
Samples with relatively little mixing have a well-defined la
ered structure, which is noted through the strong featu
observed in the specular profile@see Figs. 1~a! and 2~a!#. The
fitting software provides a higher degree of accuracy w
such profiles and precise values for the interface width
seen. As an example, the intermixing length for Al on Co h
been found to be 861 Å with five independent sample
grown in more than one laboratory. Samples with a relativ
large amount of intermixing have a greater uncertainty
study of several Ru on Al samples gave an intermixi
length of 52610 Å. The highly reactive Ag on Al system
gave values of 45 and 64 Å for nominally identical sampl

We are unable to present a model to explain fully t
experimental results. The only correlation found between
termixing length and bulk parameters was between cohe
energy and the intermixing length, as illustrated in Fig.
The plot shows a general decrease in intermixing length w
increasing cohesive energy for sample types Al onX ~X on
Al reveals a very similar trend!. Heats of alloying taken from
de Boer15 based on Miedema’s model for 1:1 alloys, show
correlation with intermixing length.
.
TABLE III. The intermixing length, in Å, for transition metals~from groups 3, 4, and 5! grown on Al and Al grown on transition metals

Ti V Cr Mn Fe Co Ni Cu

Al
on
Ti

Ti
on
Al

Al
on
V

V
on
Al

Al
on
Cr

Cr
on
Al

Al
on
Mn

Mn
on
Al

Al
on
Fe

Fe
on
Al

Al
on
Co

Co
on
Al

Al
on
Ni

Ni
on
Al

Al
on
Cu

Cu
on
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
on
Zr

Zr
on
Al

Al
on
Nb

Nb
on
Al

Al
on
Mo

Mo
on
Al

Al
on
Ru

Ru
on
Al

Al
on
Rh

Rh
on
Al

Al
on
Pd

Pd
on
Al

Al
on
Ag

Ag
on
Al

10 51 8 36 13 34 8 52 4 47 48 56 25 45

Hf Ta W Re Os Ir Pt Au

Al
on
Hf

Hf
on
Al

Al
on
Ta

Ta
on
Al

Al
on
W

W
on
Al

Al
on
Re

Re
on
Al

Al
on
Os

Os
on
Al

Al
on
Ir

Ir
on
Al

Al
on
Pt

Pt
on
Al

Al
on
Au

Au
on
Al

20 44 1 9 1 35 21 86 1 71 2 54 19 45 52 63
7-3
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It is unlikely that energetic atoms produced in the sputt
ing process contribute appreciably to intermixing. In t
deposition system, the large distance between the target
substrate~18 cm! is equivalent to approximately 10 mea
free paths in the sputtering gas at 2 mTorr. The result
;100 collisions with Ar atoms and ions will thermalize e
sentially all sputtered atoms before they reach the subst
The largest atomic diameter is 1.67 Å for Hf, the smalles
1.24 Å for Ni, and thus to first order, the mean free path
independent of element. Even the row-6 atoms, which h
the greatest mass, should be well thermalized in 100 c
sions. We note that, on average, more mixing is observe
row 4 than in row 6, even though light atoms thermalize w
fewer collisions. Thus, we see no evidence that high-ene
impact accounts for the large amount of intermixing o
served.

Furthermore, bulk interdiffusion rates of the thermaliz
atoms cannot account for the observed intermixing leng
From published values of the activation energy and via
Arrhenius equation, the diffusion rate from one atomic s
cies into another can be calculated. Using data inSmithells
Metals Reference Book,16 we find that the bulk diffusion pa
rameters show no correlation with the observed intermix
length and do not predict such large intermixing at roo

FIG. 4. The correlation between the intermixing length and
cohesive energy of elementX in the sample set Al onX with an
exponential fit as a ‘‘guide to the eye.’’
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temperature. The stability of the samples also supports
view that bulk diffusion rates do not determine the interm
ing length. For example, an Al/Co sample showed no noti
able change in interface structure after one year. Gr
boundary and surface diffusion processes, which are ge
ally much more facile, seem to be responsible for interm
ing during the deposition process.

Specular reflectivity measurements provide no inform
tion on the in-plane interface structure and so the measu
intermixing length is therefore an average across the sam
Diffuse scatter is not sensitive to grain boundary density
influences such as local penetration along grain bounda
are unlikely to be sufficiently large to account for the wid
variation in the intermixing length.

The asymmetry observed in the intermixing lengths b
tween Al onX and X on Al is consistent with the interface
asymmetry found recently by Bigaultet al.17 in Ni/Au mul-
tilayers and Luoet al.18 in NiFe/Cu multilayers, both using
anomalous x-ray scattering. Bigaultet al. suggest that such
an asymmetry indicates that dynamical~out-of-equilibrium!
segregation driven by the growth front probably determin
the intermixing length. Colgan and collaborators have st
ied the interdiffusion on annealing in thin films of Ni/Al,19

Pt/Al,20 and Pd/Al.21 In all cases, interdiffusion proceeds v
intermetallic compound formation but the minimum reacti
temperature was found to be 300 °C for Ni/Al, 225 °C f
Pt/Al, and 250 °C for Pd/Al.

The intermixing lengths and any associated asymmetr
the unannealed samples, grown below 60 °C, were not de
mined from the Rutherford backscattering data presen
Our data, using GIXR techniques to examine the surf
average intermixing in almost the whole series of sputte
Al/transition-metal bilayers, represent hitherto unknown
formation that is highly relevant to the thin-film communit
The surprisingly large degree and wide range of intermix
at room temperature, are not predicted by bulk diffusion
rameters and we believe not generally appreciated.
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