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Collective interdiffusion in compositionally modulated multilayers
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Interdiffusion in Fe—Ti, Ag—Bi, Fe—Mo, Ni—Si, Mo-Si, Nb-Si, and Ag—Si multilayévii_s) was
investigated by anin situ low-angle x-ray diffraction technique. Temperature-dependent
interdiffusivities were obtained which can be described as Arrhenius relations. The interdiffusion
characteristics of the MLs were summarized. The extremely small values of the pré&getod the
marked correlation between tH2, and activation energy. for interdiffusion suggest that a
collective atomic jumping mechanism involving 8—15 atoms govern the interdiffusion in the MLs.
© 1999 American Institute of Physids50021-897@09)07220-3

I. INTRODUCTION -L?2d I(t)
DBZW a'ﬂ(m) (1)

Physical properties and fundamental phenomena in mul-
tilayers (MLs), such as interfacial structure, stabilization of We developed am situ low-angle x-ray diffraction(XRD)
nonequilibrium structure and strains, coupling interactions if€chnique based on the linearized diffusion thédip study
magnetism, and transport behavior, are of scientific importh€ interdiffusion in Fe—Ti, Ag—Bi, and Fe—Mo metal-metal
tance as well as potential application in microelectronic™Ls and Mo—Si, Ni—Si, Nb—Si, and Ag—Si MLs. The inter-
technology® Interdiffusion is closely related to these phe- diffusivity is obtained by carefullyin situ monitoring the

nomena in the MLs. Thus a knowledge of the mterdlffusmnm.tenSIty ch_ange_s of the .IOW angle X.RD modL_JIat|0n peak
L . : with annealing time. It is indeed possible for this technique
data and mechanism is highly desired for understanding th . e o
0 measure interdiffusivities as low as dm?s in MLs

physical propertles and' phgnomena in the MLs. The _d'SCOVWith L of a few nanometers. The measurement difficulties
ery of solid state reaction in the MLs added to the impor-

' = Con ; mentioned above can be overcome, and the interdiffusion

tance of interdiffusion investigation. However, despite manyprocess in the MLs can be discriminated from the crystalli-

years of effort, the interdiffusivity in MLs has remained zation, precipitation, and interfacial reactions in the measure-

poorly quantified due to the measurement difficulties associment process. The technical details are published

ated with low diffusivity (less than 10°°m?/s) and compli-  e|sewherd:® Our obtained interdiffusion data are in good

cated interfacial reactions. The difficulties are even higher iragreement with those reported in many other MLs measured

the MLs with nanometer scale modulation period, becaus@sing various methods and were also verified by a series of

the measurements must be done at a sufficiently low temether studie§28

perature to avoid the occurrence of interfacial reactions. Ru-

therford backscattering, Auger electron spectroscopy, anﬂ_ EXPERIMENTS

secondary ion mass spectrometry, which are normally used

to measure the diffusivity in thin films are difficult to mea- ~ Compositional modulated MLs were prepared by ion

sure diffusivity less than TG3m?s which is often the case beam sputtering with a base pressure o 1D’ Torr.

for the MLs?2 Therefore, the general diffusion characteristicsSingle-crystal Si.00) wafers were used as substrates and

and mechanism in the MLs are still unclear. cooled by water through a substrate holder. The total thick-
Interdiffusion in MLs can be determined from the rate of "€SS of the films was about 0:8n. The values ot for the

homogenization of compositional modulation structure of theVILs ranges from 2 to 10 nm. There are approximately more

LS according o e theory develope by Cay assum- 41 100 Modualon perioce for e investgaed s, be.
ing that the linear decay of the intensity(t)] of the first- revious publication® The MLs were found to pass

qrder modulatlon .p.eak reprgsents the process in the '_Socoﬁirough two distinct processes depending on the annealing
flgurayona_ll_ condition, I(t) is reIateq to the e_ffectlve temperature ranges: a pure interdiffusion process and an in-
interdiffusivity (D¢), and the modulation periof.) in the  torfacial reaction process. The pure interdiffusion process
kinematic diffraction approximation By precedes the interfacial reaction during the low temperature
range*®’ The high-angle XRD and transmission electron

dCorresponding author; electronic mail: whw@aphy.iphy.ac.cn microscope observations show no phase transitions during
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TABLE |. Modulated structural and compositional data for the investigated
MLs. N is the number of the XRD modulation peaks. The total thickness of

2> the MLs is about 0.8«m. There are approximately more than 100 modula-
g (a) tion periods for each investigated ML.
E System L(nm) Composition(at. %9 N
T BV G . Fe—Ti 2.0 50.0 Fe 2
20 ) _ - Ag-Bi 9.0 45.0 Ag 4
e B Fe—Mo 2.74 50.0 Fe 2
Mo-Si 2.6 35.0 Mo 2
\ ‘ Ni-Si 4.8 49.2 Ni 2
Nb-Si 3.2 50.0 Nb 2
Ag-Si 6.7 43.0 Ag 4

a result of intermixing in the deposition process, the ML
evolves into two alternative amorphous sublayers with com-
position gradient. However, the ML still has a composition-
ally modulated structure as shown in Figbll The x-ray
modulation peaks induced from the compositionally modu-
lated structure are shown in the inset of Fig. 1. The Ni-Si
ML has a sharp modulation peak a#21.80° and a weak
peak at 2=3.75° which means that a good composition
modulation along the film growth direction is maintained in
the MLs despite considerable intermixing at the interfaces.
The modulation period. derived from the modulated peaks
by a modified Bragg lawis 4.8 nm; the value agrees well
with that obtained from the cross-sectional HRTEM picture.
The cross-sectional HRTEM image for the Ni—Si ML after
613 K annealing is shown in Fig.(d. The picture shows
that no crystalline phase forms in the annealing temperature
range of 423-613 K. The result confirms that the effect of
the annealing is to homogenize the composition gradient of
the ML. The modulated structural and compositional data for
FIG. 1. (a) Cross-sectional TEM image of the as-deposited Ni-Si k.. these investigated MLs are presented in Table I.
Cross-sectional high-resolution TEM picture of the as-deposited Ni-Si ML.  Figure 2 represents a typical result we obtainedhbsitu
(©) Crosts-sect‘ional HRTEM picture of the Ni—Si ML af_ter annealing at 613 low-angle XRD method, which shows the logarithm of the
K. The inset is the low-angle XRD pattern (G radiation of the as- 1y malized intensity of the first modulation peak versus time
sputtered Ni—Si ML withL =4.80 nm. . . . .

at various annealing temperatures for Fe—Ti ML. The inten-
sity exhibits a more rapid nonexponential decay in the early

the interdiffusion measuremental processes. This indicate¥age of the annealin@—1.0 . The enhancement in inten-
the interdiffusion investigations were made without the in-Sity decay is attributed to the presence of a large number of
fluences of the interfacial reactions. The modulated structurBonequilibrium defects in the as-deposited Khese data

of the MLs was examined by low-angle XRD and cross-Points were not taken into account. A relative steady expo-
sectional high-resolution transmission electron microscop@ential decay state was obtained after 1.0 h annealng.
(HRTEM). The cross-sectional HRTEM specimens wereWas determined by linear fit from the linear part of the in-
prepared by mechanical grinding, polishing and finally, ar-tensity curves in Fig. 2. The temperature dependenda of
gon ion m||||ng in ||qu|d nitrogen Coo“ng Stages with a f0r Fe-Ti ML |S' ShO\(Vﬂ in the inset of F|g 2. The data can be
power of less than 4 keV. The HRTEM image was carriedfitted by a straight line over the whole measuremental tem-

out in a JEM-200CX operating at 200 kV. perature range yielding an activation energy=0.29 eV
and a pre-exponential factoD,=1.50x10 ??m?s. The

temperature dependence of the effective interdiffusivities for
Fe—Ti, Fe—Mo, Ag—Bi, Ni—Si, Mo-Si, Nb-Si, and Ag-Si

The modulation structure of the MLs was examined us-MLs obtained using the same method is summarized in
ing the low-angle XRD and HRTEM. All of the investigated Arrhenius plot in Fig. 3. The interdiffusion data display ex-
as-deposited MLs have good modulation strucfitéds a  cellent Arrhenius behavior as shown in the figure. Fhe
representative example, the cross-sectional TEM image db,, and the bulk interdiffusivitiedD , (at 458 K) derived
the as-deposited Ni—Si ML is shown in Fig(al It can be  from Cahn’s theory for the MLs, are presented in Table II.
seen that the ML consists of clearly layer structure. FigureThe important interdiffusion characteristics are summarized
1(b) exhibits the HRTEM picture of the as-deposited ML. As in the following:

IIl. RESULTS AND DISCUSSION
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08 TABLE II. Bulk interdiffusivities D,, and interdiffusion parametei3, and
Fe-Ti -56 D,=1.50x107" m’/s H of the MLs.
0 D, (458 K) He Do
04k L=2.0 nm "E -57 System (m?s) (eV) (m?s)
g Ag-Bi 2.0x10 % 0.21 4.3x10 %
—_ - -ss H.70.29eV Fe—Ti 1.75¢10° % 0.29 15010 %2
=y ‘ Fe—Mo 4.1x10°% 0.33 2.1x10°%
= 0.0 820 22 Mo-Si 5.2<107% 0.37 6.20< 102
= 1000/T (K™) Ni-Si 4.12<10°* 0.69 21x10° 7
= Ag-Si 8.22¢10° % 0.24 2.0%10° %
- Nb-Si 2.68<10°24 0.55 2.20¢10° 18
-0.4
458 K
08 498 K metals! and crystalline silicon ¢-Si).'? However, they are
: S33K similar to those reported in many other Mt%sand amor-
S73K phous alloyga-alloy).*>*The reduction of the interdiffusiv-
NP I S T TP T ity was attributed to the defects in the MLs, which act as
0 1 2 3 4 5 6 trapping centers which trap the diffusion atoms temporarily
Time (h) and make the atoms undergo a trap-retarded diffusion, and

FIG. 2. Typical decay of the intensity of the first-order modulation peak ofthen reduce the |nterd|foS|V|ty 5§/

Fe—Ti multilayer ¢ =2.0 nm) with annealing time at various annealing D.= Df/[l+Ct exp(Ht/kT)] 2)
temperatures. The inset is the temperature dependence of the interdiffusivity € '
D for the Fe—Ti ML. where D; is the diffusivity in a hypothetical trapping-free

MLs. C; and H, are the atomic fraction of traps and the
binding enthalpy, respectively. The smal, in MLs may

(@ The interdiffusion data for various systems display result from the atoms having to pass through large number of
excellent Arrhenius behavior. This is a key test by which tothe trapping centers in MLs.
determine whether a method can be used to correctly mea- (c) The obtained, (10 *'—10 ??m?s ordej is much
sure the interdiffusivity in solids as a function of smaller than the typical values of those in crystalline mate-
temperaturé? The Arrhenius behavior db, for these MLs rials (10 °-10 "m?s ordej. The differences are found to
suggests that thia situ low-angle XRD is the most sensitive be more than ten orders of magnitude. This feature is similar
method available to probe the interdiffusion in MLs with to that of liquid metals and-alloys which is normally much
shorterL. smaller than that of corresponding crystalline matefals.

(b) The obtained values @, for the MLs are quite low (d) The values of activation energy in the MLs are less
(1072°-10"*m?/s) compared with extrapolation of the pub- than 1.0 eV and similar to that of the interstitial diffusions
lished high temperature diffusion data in bulk alloys, and/or interstitial-like diffusions in other solids, e.g., transi-

tion metals diffusion in a-zZr,'® c¢-Si,** a-Si, and

a-alloys**Strains in the MLs may result in the small value
Fe.Ti of the H,. Strain frequently exists in the MLs with high-
Mo-Si density interface because of the thermal expansion mismatch
Ag-Bi with the substrate and coherency strains between the sublay-
ers. Even if the strains can be relaxed by annealing, they
were found to remain, at least partially, throughout the whole
interdiffusion® The strains may cause easier passage of the
interstitial diffusers through another sublayer and reddige

(e) The interdiffusion parametei3, andH,, for the MLs
and Zr-baseda-alloys'! correlated as shown in Fig. 4. In
spite of the relative large scatter, the diffusion parameters are
obviously correlated according to the relation

INDg=INnA+H,./B, (3

whereA andB are 9.85% 10 ?'m?s and 0.053 eV, respec-
tively. A similar correlation has also been observed for dif-
fusion parameters of crystalline-Zr,*® -Ti,}” and c-Si*?
PP TR T TR SRR B with A andB as 1.6<10 "m?s and 0.37 eV, respectively.
15 18 21 24 27 30 33 Diffusivities, if they are based on a common diffusion
1000/T (K'1) mechanism, are expected to satisfy E®). with the same
specific parametera and B.1® The parametera and B are
FIG. 3. Arrhennius plots of the interdiffusivit, of the various MLs. almost the same within experimental error to those reported
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10 crystalline solids and MLs are similac, and a could not
significantly differ between them. For any reasonable diffu-
sion mechanism and structurfeyould vary between 5 and

OF 10 at most. The small changes of the three terms cannot
crystalline 3 acc?ount fqr the extremely larde, differences between crys-
10} AN S talline solids and MLsyg, usually taken to be the order of
X +*>z*§ """ + the Debye frequency in crystal, is B0s. Ina-alloy, v, was
0 xR observed to be in the order of ¥8.2° The values ofv, for
e 20 the MLs should be roughly the same order of magnitude as
53 those of thea-alloys, which is only about s in magni-
< 30} amorph. Zi-Ni tude. Thus, the larg®, differences would be attributed to
amorph. Zr-Cu the entropy term ex@Sk), e.g.,AS have to be large and
amorph. Zr-Fe negative. For diffusion in crystalline soliddSis of (3—5Xk

40 | cryst. a-Zr which corresponds to the single atom diffuse with intersti-

zz:: ;’iT' tialcy or monovacancy mechanism. In the MIsSS is esti-

50L7 o e fitof + , X, % mated to be- (8—-15k. The large and negative value &5

., ., . ~fitofsolidpoints indicates that the basic diffusion step in the MLs is not a

00 05 10 15 20 25 single atom jumping into a vacancy or replacing an intersti-
Activation energy H, (V) tial S|te_ in the case of diffusion in crystalline solids, but the

collective motion of a group of atoms. The entropy of

FIG. 4. Plot of InDy andH,, for the MLs, Zr-based amorphous allogsee —(8-15k roughly corresponds to a 8-15 atoms cluster.
Ref. 14, and crystallinex-Zr (see Ref. 1§ o-Ti (see Ref. 17, and Si(see ~ The cluster may move in a complicated way through the
Ref. 12. nonequilibrium extended defects in the MLs. The extended

defect in MLs involves a large number of neighboring atoms,
rather than an interstitial site or mono-vacancy which has
for other a_a”oys_l&lg The value ofA andB in Crysta”ine been shown to govern the diffusion in crystalline materials.
a-Zr, -Ti, and Si are quite different from the values of This suggestion is also consistent with the smakigrand
a-alloys and MLs, which means that completely differentthe marked correlation between tik, and H, found for
diffusion mechanisms dominate. The observed relation belnterdiffusion in these MLs. The extremely small values of
tween a-alloys and MLs indicates that a similar diffusion Do andHe, displaying an good,—He correlation accord-
mechanism is operating in MLs arzgalloys. ing to Eq.(3), are generally taken as evidence for a collective
From Fig. 3, one can see that the valuesDgf in the ~ atomic mechanisrtf The jumps of clusters of atoms have
MLs are several orders of magnitude smaller than in thdeen observed in the molecular dynamics studied of model
a-alloys, even though they correlate according to E). glasses and a binary soft sphere mixture near the glass tran-
This characteristic is generally believed to result from thesSition. During these jumps, groups of atoms are found to
pre-existing nonequilibrium defects in the ME&D, is re-  move in a caterpillar-like motion between two nearby equi-
lated to defect concentration ly,=D{/C,«,*® whereD) is  librium positions corresponding to a small activation
the pre-exponential factor in a hypothetical defect-free ML,energy-" Highly collective diffusion has also been suggested
« the parameter related to the binding entropy, the attemph a-alloys? there are several reasons to support the pro-
frequency for a diffuser atom, and the number of defect sitef0sal fora-alloys. The MLs with a high density of interface
available around a defect. The difference of concentration ond large number of nonequilibrium defects are in the meta-
the defectsC,, between crystal S(0.1 ppm% and amor- stable state, its local microstructure is close to that of
phous S|(<1%)15 formed by deposition was found to be less a—a”oys. The interdiffusion is known to be governed IarQE|y
than the order of 10 So, the difference ofS, between a by the local microstructure and defects in solid. Therefore,
hypothetical defect-free ML and the studied ML should bethe similarity in diffusion behavior and mechanism between
roughly in the same order of 10Therefore, the significant the MLs anda-alloys is reasonable.
difference inDy cannot be totally attributed to the fraction of
the defect in MLs, it supports peculiar diffusion mechanism
in the MLs. It is known thaD, can be written as
AS Interdiffusion in the MLs was studied by an situ low-
Do=a’cfr, exp( T) (4) angle XRD method taking advantage of the compositionally
modulated structure of the MLs. The obtained interdiffusivi-
wherea is the mean jump distancethe geometric factoff,  ties can be described well by Arrhenius relations. The diffu-
the correlation factory, the jump attempt frequency, and sion characteristics of the MLs are analogous to those in the
AS the change in the activation entropy during the jumpamorphous alloys. The extremely small values of the diffu-
processD, is determined by the five terms. The significant sion prefactoD, and the marked correlation between g
D, differences more than ten orders of magnitude betweeand the activation enthalpy, for interdiffusion in the MLs
crystalline solids and MLs must result from the largeindicate that a collective atomic diffusion mechanism gov-
changes in these terms. Since the local microstructures of thexns the interdiffusion. The atomic jump is a highly coopera-

IV. CONCLUSIONS
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