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Abstract — In thin films, diffusion phenomena play an important role for the growth process, and
in the understanding of the mechanical, electrical and magnetic properties. The change in the conce-
ntration profile due to the interdiffusion by annealing was investigated using AES depth-profiling
technique on Pd/Cu multilayerd films. It was observed that the initial concentration distributions,
which were almost rectangular in the unheated samples, were changed into sinusoidal ones in
the annealed films at various temperatures. The concentration-independent interdiffusion coefficie-
nts were calculated from the amplitudes of sinusoidal distributions. The activation energy was
determined to be 1.66 eV from the Arrhenius plot. The concentration-dependent interdiffusivity
at 150C was also estimated using Boltzmann-Matano method. The phase separation was observed
in this material which has been known to be only homogenized. The annealing conditions turned

out to be less than about 150 min at 180T .
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1. Introduction

Multilayer (ML) thin films have been increasingly
used in both basic researches and applications be-
cause of their specific physical properties that differ
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from those of bulk materials and single-layer thin
films [1, 2]. There are numerous and growing app-
lications of ML thin films in communication, optoe-
lectronics, hard and tribological coating, x-ray opti-
cal components [3], and high-density recording
(4].

In many applications, one is often confronted with
the undesirable effects arising from diffusion. Heat
treatment or long-time use even at ambient condi-
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tions can lead to degradation of film structure. For
example, in Mo/Si ML for x-ray mirror, increased
broadening of the interfaces significantly reduces
the reflectivity [5]. ML is known to have poor ther-
mal stability in most cases.

Interdiffusion is one of generic topics in film scie-
nce. Generally, thin films contain high-density low-
temperature short circuits for diffusion, such as
grain boundaries, dislocations and vacancies [6].
Diffusion coefficients in thin films are relatively
high even at low temperatures. This means that,
in thin film, the diffusion phenomenon is expected
to present distinctive characteristics from bulk ma-
terials. Therefore, it is important to understand the
diffusion behavior of thin film for both basic and
applied aspects.

Diffusion stability is important especially for a
ML film which is prepared to have abrupt interfa-
ces. On annealing, the compositionally-modulated
structure is changed to be either homogenized or
phase-separated [6], and diffusion experiments are
required to estimate complete homogenization time
at a given temperature, or to estimate a device life-
time.

For the diffusion study of ML thin films, one re-
quires techniques that can detect compostional va-
riation in very short distance. Several techniques
have been developed such as optical reflectivity,
electrical resistivity [7], Rutherford backscattering
[7], x-ray diffraction [8], Auger electron spectros-
copy (AES), etc. Among those techniques, AES de-
pth-profiling technique [9-11] has become one of
the established methods.

2. Experiment

The Pd/Cu ML's were deposited onto Si wafers
using an ultrahigh-vacuum physical vapor deposi-
tion system (Leybold L560UV). The deposition was
achieved by alternating thermal evaporation of Pd
(99.99%) and Cu (99.9%) at a base pressure of 2~5
X107 torr. Alumina-overcoated tungsten boats
were employed. The temperature was 30~70C du-
ring the deposition. A single-crystal quartz sensor
interfaced with XTC was installed to monitor the
deposition rate and film thickness. Evaporation rate
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Fig. 1. Schematic structure of the prepared Pd/Cu ML
thin film.

of Pd and Cu was 1.2 A/sec and 1.3 A/sec, respecti-
vely.

The prepared ML films consist of three Cu layers
and two Pd layers whose thickness is H/2 each,
and of two boundary Pd layers of H/4, where H
is the film periodicity of 1060 A To preserve trans-
lational symmetry the thickness of the first and the
last layer was made to be H/4 thick. A schematic
structure of the prepared Pd/Cu ML is presented
in Fig. 1. The total thickness of the ML was 3180 A,
which was reconformed by an a-step (Tencor Inst-
rument Model 200). The isothermal annealing at
150~300C was performed in a vacuum furnace at
a pressure of low 107° torr.

Composition depth profiles were acquired using
a Perkin-Elmer (PHI) Auger system with 137 PC
interface. The samples were etched with an inclined
(~50° from the surface normal) beam of 3- or 3.5-
keV Ar ions, rastered over 3X3 or 4X4 mm?® on
the surfaces. Most of the depth profiles were acqui-
red in a continuous sputter mode. Sputtering rate
was calibrated with Ta,Os film of a known thickness,
and the prepared Pd/Cu ML film whose total thick-
ness was measured by a-step.

The Auger spectra for the elements to be monito-
red were registered as a function of the sputtering
time by using a modified BLAES program. After
a calibration of these data in terms of concentration
and sputtered depth, respectively, composition de-
pth profiles were obtained using Matlab program
by Math Work.

3. Results and Discussion

3.1. Concentration-independent Interdiffusivity
The rectangular initial concentration profile of a
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thin periodic ML film (ABABAB:-- structure) can
be expressed as

1 2 2nmx |
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clx, D) 5 +mzl — sm(\ I ) (H

where x is the depth, and m=1, 3, 5, *--.

After diffusion, it can be shown that the solution
of Fick's second law in case of concentration-inde-
pendent interdiffusivity (D) is another Fourier se-
ries, but with exponentially decreasing amplitudes
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For sufficiently long annealing times (12(0.3/D)
(H/2m?%), the higher Fourier components decay very
rapidly with time, and the amplitude of the sinusoi-
dal distribution in Eq. (2) can be written as follows
(6,9-11];
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where ¢, is the maximum concentration of the ele-
ment A inside layer A, and ¢, is the concentration
of the element B at the same depth. Cmin=1"Cmax

AES spectrum of an unannealed sample showed
Pd peaks without any contamination by carbon and
oxygen. On the other hand, we observed oxygen
and carbon peaks on annealed samples, but these
contaminants were able to be removed easily by
sputtering of a few minutes.

AES depth profiling was carried out to obtain the
concentration profiles along depth of Pd and Cu in
both unannealed and annealed Pd/Cu ML thin fi-
Ims. The peak-to-peak heights in the first-deriva-
tive mode of the Pd MNN (302 eV), Cu LMM (916
eV) and O KLL (503 eV) transitions were successi-
vely measured in independent energy windows. Ox-
ygen peak was monitored to check the impurity in-
corporation in the film. To convert the temporal
variation of the measured Auger intensities to that
of the composition we assumed that the relation
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Fig. 2. Concentration profile of unannealed Pd/Cu ML.
(*) denotes Pd and (+) Cu.

between Auger intensity and concentration was li-
near [14, 16].

Fig. 2 is the initial concentration profile, showing
a rectangular concentration distribution. Once we
have the sinusoidal concentration profiles for a thin
ML film at an annealing temperature for various
annealing times, we are able to estimate the interdi-
ffusion coefficient at the temperature using Eq. (3).
In Fig. 3 amplitude of the sinusoidal concentration
distribution, (2¢,«— 1)/2, at various temperatures is
plotted logarithmically against annealing time. The
profiles are usually distorted by sputter-induced ef-
fects [14]. These undesirable effects give rise to
degradation of depth resolution with increasing
sputter depth and are most pronounced near the
interface. On the other hand, the depth for c¢uma is
away from the interface. In addition, we made use
of the value for ¢y, in the top layer which was
least distorted, therefore we could minimize the un-
desirable sputter-induced effects in determining the
interdiffusion coefficient.

It should be noted that each data set in Fig. 3
follows a straight line, which verifies the exponen-
tial relation in Eq. (3). The absolute slope of the
straight line increases with annealing temperature.
This indicates a higher diffusivity at higher tempe-
rature. From the slopes of the straight lines the
interdiffusion coefficients are calculated and listed
in “Table 1. At higher temperatures interdiffusion
was so fast that the amplitude decreased t0 ¢y =0.5
rapidly with annealing time, which means a comple-
tely homogenized concentration distribution. On the
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Table 1. Interdiffusion coefficients of Pd/Cu ML (a) Only D, ®) Dy +Dy () Dy dominates
T(C) D(em?/sec) 7 [’f
165 12x10°"7
180 58X10°Y
195 1.5X10 16
210 82X1071
T~
0.5 I l ! I I ! j \ Grain Boundary / Concentration
profile
0.4r K Fig. 4. Schematic penetration profiles of concentration
195°C according to the diffusion Kkinetics in a polycry-
N g3 e stalline film: (a) grain boundary diffusion is do-
x ( 165°C minant, (b) both grain boundary and lattice dif-
. fusion are comparable, and (c) lattice diffusion
! A 180°C is dominant,
g o2l =10°C
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\C\_I/ el ] o
oM 394 C 2256 C 127 C
A T L
o' E pu/ag  Pd/Cu |
0.1 I 1 L 1 I S —~ F .
o 1 2 3 4 5 8 7 Ty oets Cu/Ni
time ( X 104sec) “g
o
Fig. 3. Amplitude of the sinusoidal concentration dist- ~ o7 L 1
ribution of Pd/Cu ML as a function of annealing A
time at various annealing temperatures. o
107" L ]
contrary, at lower temperatures the concentration ) . )
profile did not change significantly with annealing 1.0 1.5 2.0 2.5
time 1000 »
. — (XK )

The straight lines in Fig. 3 can be extrapolated
aproximately to the initial amplitude (c..=1, le.,
(2¢max—1)/2=0.5) at {=0 except that at 165C . This
may be explained by that lattice diffusion was car-
ried out at higher temperatures, while grain boun-
dary diffusion was dominant at 165C . We can clas-
sify the diffusion kinetics in a polycrystalline film
into three cases (Fig. 4) [1, 2]. At low temperatures,
virtually all of the diffusant is partitioned to grain
boundaries (Fig. 4(a)). At elevated temperatures the
extensive amount of lattice diffusion masks the pe-
netration through grain boundaries (Fig. 4(c)). In
between, the admixture of diffusion mechanisms re-
sults in an initial rapid penetration down the short-
circuit network, which slows down as atoms leak
into lattice (Fig. 4(b)). At 165C in Fig. 3, a rapid
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Fig. 5. Arrhenius plots of interdiffusion coefficients of
various ML's.

diffusion proceeded probably through a higher den-
sity of grain boundaries in this sample at the begin-
ning of annealing. At above 180C, lattice diffusion
controlled the diffusion rate, since the mean grain
sizes are larger than about 50 nm [11].

The interdiffusion coefficients obey the Arrhenius
law. Figure 5 is Arrhenius plots of interdiffusion
coefficients of Pd/Cu, Au/Ag [11] and Cu/Ni [9]
ML. The data for Au/Ag and Cu/Ni ML from other
works are included for comparison. The activation
energy (E,) for interdiffusion of Pd/Cu ML was de-
termined to be 1.66 eV using the plot. D, (preexpo-
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Table 2. Activation energies (in eV) of various ML’s

Pd/Cu Au/Ag  Cu/Ni
Single -crystalline 2.12 1.95[161 2.4[17]
(coherent)[ 15]
2.88
(incoherent)[ 15]
Polycrystalline 166 r4f11]  11[9]
(present case)
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Fig. 6. Concentration profile of Pd/Cu ML annealed
at 150C for (a) 120 min and (b) 300 min. (*)
denotes Pd and (+) Cu.

nential constant) was 1.4X10? cm?/sec. Activation
energies of various ML's are listed in Table 2 inclu-
ding that of the present polycrystalline Pd/Cu ML
for comparison and summary. As can be seen in
Table 2, the activation energies of polycrystalline
films are smaller than those of the corresponding
single-crystalline films. Very likely the reason is
that it is due to the high density of defects existing
in polycrystalline thin-film structures.

ATOMIC CONCENTRATION
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Fig. 7. Concentration profile of Pd down to a depth
of 140 A in Pd/Cu ML annealed at 150C for
300 min, and fitted with an exponential func-
tion. (¢) denotes experimental data and dashed
line fitting curve. Vertical line is called by Ma-
tano interface.

3.2. Concentration-dependent Interdiffusivity

When diffusion occurs in a large concentration
gradient, the diffusivity should be considered as a
function of concentration [2, 18]. In this case Fick’s
second law must be written in a general form as

de 0 (. oc
o P @
We can solve Eq. (4) to give
ne o L[ 8% e
D)=, ( . Jof ¢ xde, ®)

where x is the distance from the Matano interface
and ¢’ is an arbitrary concentration [2]. The Matano
interface is defined as

f; % de=0. ©)

Eq. (5) indicates that measurement of ¢ as a function
of x gives D by the graphical method (Boltzmann-
Matano method).

Fig. 6 shows concentration profiles of Pd/Cu ML
annealed at 150C. On annealing even for 300 min
the profile was not changed into a sinusoidal but
a nearly smooth spline form, which is satisfied with
the condition of no interdiffusion extended to the
top surface of the film. D can be calculated for a
given concentration ¢’ from Eq. (5) by fitting the
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concentration profile of Pd in Fig. 6(b) with an ex-
ponential function (Fig. 7). D (¢") is computed reaso-
nably in the range of 0.05<¢’'<0.95, since the accu-
racy of the calculation falls off as ¢’ becomes very
close to either zero or unity [6]. The resultant dif-
fusivity turned out to be strongly concentration-de-
pendent as shown in Fig. 8. It is an averaged sum
of the diffusivity of Pd and Cu. It is noted that the
values of D(¢’) are in the same order as that estima-
ted independently of concentration (2.03X 10" cm?
/sec) even though the factors vary from 2 to 8 in
case of concentration dependence considered.

3.3. Thermal Stability
When the artificial compositionally-modulated
wavelength (CMWL) becomes extremely small, the
gradient energy and strain effects must be conside-
red. The modified diffusion equation is given by
dc o% %

=D _p@ ) 7
ot ox? b ox* @)

d Ina

dc

D(1’=D<1+2n2 %) where n=
2

ff ), where k=Nyd*AV.

Do=D|

n is the change of the lattice parameter, @, with
¢, Y(modulus) a function of the elastic constants,
f” the second derivative of the free energy, and
x the gradient energy coefficient [19]. N, is the
number of atoms per unit volume, y bonds per atom,
and d the distance between the planes. AV="V—
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(Vas+ Vir)/2 where Va4 is the bond energy (a nega-
tive quantity) between two A atoms, Vg that bet-
ween two B atoms, and V,y that between an A and
a B atom. When « (or AV) is negative, at all tempe-
ratures A-B bonds are preferred to A-A and B-B
and the system has a tendency to order, i.e., to be
homogenized. This also applies if k (or AV) is posi-
tive when the temperature is high enough. At low
temperature, however, the bond energy dominates,
and it is favorable for the system to separate into
two phases. In other words, the homogeneous sys-
tem is unstable to arbitrarily small composition flu-
ctuations; spinodal decomposition can occur. The
spinodal decomposition is important because of its
relation with the thermal stability of artificial modu-
lated structures. In Eq. (7), DV contains the cohe-
rent strain contribution to the diffusivity, and D®
contains the interfacial energy contribution to the
driving force of diffusion.

The solution of Eq. (7) is similar to Eq. (2), repla-
cing D of Eq.(2) by

Y 2x
Dy=D[1+20* —+ —,
' £

It is apparent that the gradient energy contribution
falls off rapidly with decreasing B (=2n/H) value
and the contribution becomes negligibly small for

pl. ®

long-wavelength concentration modulation.

On annealing ML thin films generally lower their
free energy by reducing the high density of interfa-
ces. Given sufficient atomic mobility, changes in the
composition profile are expected to occur. There
are steep concentration gradients at many interfaces
in a ML thin film. If the ML is phase-separated,
in other words, keeps a stationary-state concentra-
tion profile under practical annealing conditions, we
can say that the ML is thermally stable. This kind
of response is important especially for a ML whose
prepared abrupt interfaces must be maintained even
after a long-time thermal treatment such as ther-
momagnetic writing on a magneto-optical ML using
a laser [1]. Au/Ni [6], Cu/Ni [6,20], Fe/Cr [21]
and Co/Cu [22] systems have been reported to
show this phenomenon. This behavior was also ob-
served in our Pd/Cu ML. Fig. 9 shows concentration
profile of Pd/Cu ML annealed at 230C for 90 min.
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and (0) O.

The profile was not changed into a sinusoidal or
homogenized distribution but still separated into
two phases. The annealing condition which provides
Pd/Cu system with this thermal stability at 180C
was investigated to be less than about 150 min.
Phase-separating systems tend to lower their free
energy further by coarsening[6]. The simplest con-
tinuous coarsening process is one in which there
are thinning and thickening of alternate layers of
a component, leading eventually to a doubling of
the CMWL.

4. Conclusions

AES depth profiling was applied to study interdif-
fusion in polycrystalline Pd/Cu ML thin film at re-
latively low temperatures where the diffusion coef-
ficients are small. It turned out that the method
was very sensitive to measure those quantities.

At above 230C diffusion was so fast that an al-
most homogeneous distribution was obtained. On
the other hand, annealing experiments at 150, 165,
180, 195 and 210C showed gradual sinusoidal cha-
nges ir the concentration profiles according to the
annealing time. The estimated concentration-inde-
pendent diffusivity of the Pd/Cu ML allowed us to
build up an Arrhenius plot and to extract the preex-
ponential factor of 1.4X10? cm?/sec and the activa-
tion energy of 1.66 eV. This low activation energy
indicates that the high density of defects such as
dislocations, vancancies and grain boundaries, also

play important roles in my case as in other polycry-
stalline ML. On the contrary, this material system
revealed larger activation energy than that of the
polycrystalline Au/Ag and Cu/Ni ML. It may be asc-
ribed to the observed phase separation.

The deterioration of the measured concentration
profile due to the sputtering process was solved
by taking the concentration amplitude at the top
layer, but not the interfaces of the film in the deter-
mination of the concentration-independent diffusi-
vities and the activation energy. However, the dete-
riorated profile was employed to obtain the concent-
ration-dependent diffusivity using the Boltzmann-
Matano method. Nevertheless, the values at 150
are in the same order (10~ ® cm?/sec) as that deter-
mined independently of concentration even though
they are strongly dependent on concentration.

The layered structures disappear gradually or
coarsen upon annealing. Coarsening (spinodal deco-
mposition) system are more stable thermally than
homogenizing systems. In all cases, a low interdiffu-
sivity is desirable for the thermal stability. The
phase separation was observed in the Pd/Cu ML
which has been known to be only homogenized. The
annealing conditions turned out to be less than
about 150 min at 1807C.

The further investigation is required to unders-
tand the thermal stability and to analyze the coarse-
ning quantitatively of Pd/Cu ML thin film in conne-
ction with phase separation. The microstructural
measurement by, e.g., transmission electron micros-
cope will be included in the investigation.
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