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Interdiffusion in nanometer-scale multilayers investigated byin situ low-angle x-ray diffraction
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An in situ low-angle x-ray diffraction technique is used to investigate interdiffusion phenomena in various
metal-metal and metal-amorphous Si nanometer-scale compositionally modulated multiMi&s The
temperature-dependent interdiffusivities are obtained by accurately monitoring the decay of the first-order
modulation peak as a function of annealing time. Activation enthalpies and preexponential factors for the
interdiffusion in the Fe-Ti, Ag-Bi, Fe-Mo, Mo-Si, Ni-Si, Nb-Si, and Ag-Si ML'’s are determined. Activation
enthalpies and preexponential factors for the interdiffusion in the ML'’s are very small compared with that in
amorphous alloys and crystalline solids. The relation between the atomic-size difference and interdiffusion in
the ML'’s are investigated. The observed interdiffusion characteristics are compared with that in amorphous
alloys and crystallinex-Zr, «-Ti, and Si. The experimental results suggest that a collective atomic-jumping
mechanism govern the interdiffusion in the ML'’s, the collective proposal involving 8—15 atoms moving
between extended nonequilibrium defects by thermal activation. The role of the interdiffusion in the solid-state
reaction in the ML’s is also discussd$0163-18209)01516-1

. INTRODUCTION diffusion coefficient less than 16*m?s, which is often the
case for the ML’€ The measuremental data often scatter so
Multilayers (ML's) are of technologically useful physical much that they cannot be used to deduce reliable information
properties and potential application in microelectronicon the temperature dependence of interdiffusivities. A low-
device!=® ML’s can also provide a model system for scien- angle x-ray diffraction(XRD) technique based on the linear-
tists to investigate fundamental phenomena such as interfad¢zed diffusion theory has been used to study the interdiffu-
properties, stabilization of nonequilibrium structure andsion phenomena in multilayer systefw.The interdiffusion
strains, and coupling interactions in magnetism and transpotformation is obtained by carefully monitoring the intensity
behavior. Therefore, the interdiffusion study in the composi-changes of the low-angle XRD modulation peak as a func-
tionally modulated ML’s are interesting subjeéfg,lzrom a tion of annealing time. This is the most sensitive technique
scientific point of view the diffusion mechanism in ML's is available for measuring diffusivities as low as fdm?s in
still poorly understood, and a knowledge of the interdiffusionML’s with a modulation period of a few nanometers. Results
data and mechanism is highly desired for understanding thsom this technique have been reviewed extensiVeThe
physical properties and phenomena in the ML’s. From amethod, originally developed for crystalline materials, has
technological viewpoint, the knowledge of the interdiffusion been successfully applied to measure diffusivities in amor-
. . .. . . , 111,12 H H
is an important prerequisite for application of the ML’s. The phous ML'’s.™"“Despite the fact that a considerable amount
discovery of solid-state interfacial reacti@®SIR) in the thin  of interdiffusion measurements have been carried out in the
flms has further added to the importance of interdiffusionML'’s, however, there are too limited systematic investiga-
investigations in these materials. However, despite manyions to permit conclusion on the diffusion mechanism in the
years of effort, the interdiffusivity in the ML's has remained ML'’s.%-*0On the other hand, a series of ML'’s, mostly metal-
poorly quantified. This is because of the measurement dif-metal(M-M) ML'’s and metal-Si(M-Si) ML’s, has been dis-
ficulties associated with low diffusivity (less than covered in which the amorphization reaction is attainable by
10"2m?s) in the ML’s at low-annealing temperature. The interdiffusion. Reviews on the SSIR in the ML’s are given
difficulties are even higher in the amorphous ML's becauséry Johnsolt and Samwef® The SSIR would also decrease
the measurements must be done at a sufficiently low temthe composition gradient and cause the change of the inten-
perature to avoid crystallization in amorphous ML’s. Thesity of the XRD modulation peaks,and may cause unprec-
difficulties inherent to diffusion experiments in amorphousise values for diffusion constants. Meanwhile, little is known
ML’s can also be due to the metastability, which impliesabout the relation between the solid-state amorphization and
small mean-squared displacements. Rutherford backscatténterdiffusion, and without the knowledge it is impossible
ing (RBS), Auger electron spectroscopyfAES), and either to predict or to control the SSIR in a rational mantier.
secondary-ion-mass spectrometry, which are normally used In this paper, a systematic investigation of interdiffusion
to measure the diffusivity in thin film are difficult to measure phenomena in representative M-M and M-Si ML's is carried
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out by thein situ low-angle XRD technique, and this method

can measure the intensity of the modulation peak accuratel (@) @ — - anneated 3t 613K
and discriminate the effect of interfacial reactions, precipita- »\./\\VM """ anneaied 3t 73K
tion, and crystallization on the intensity in reactive ML'’s.
The pure interdiffusion process can be achieved for thos:
ML’s by suitable deposition of the samples and monitored bys
thein situ XRD technique. This paper does not only increaseZ

the data based on reliable measurements, but also finds sorg.
diffusion characteristics in the ML’s. The obtained interdif-
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fusion data are compared to the literature data available fo “Ni:§i v
ML'’s, amorphous alloys, and to data for comparable crystal- 7 50 70 90 0 1o
line solid. It is noted that fewer interdiffusion investigations 20 () Distance from substrate (nm)

have been made to compare the discrepancies between the _ _ _

M-M and metal-metalloid ML systems. In present studies, a FIG. 1. High-angle x-ray diffraction pattern of the amorphous
comparison to the diffusion characteristic of the two types ofNi-Si ML with L=4.8nm and total thickness 0.Am. (a) as-
ML's is presented, and such systematic investigations aréeposited stateh) annealing at 613 K(c) annealing at 673 K(d)
necessary for formulating the general diffusion features angchematic profile of the Ni concentration for the as-deposited state,
mechanism in ML'’s. The interdiffusion characteristics in the2"nealed at 613 K, and annealed at 473 K of Ni-Si ML, respec-
ML's are interpreted by the extended defect-controlled tively. The decrease of the amplitude of the Ni concentration curve
interstitial-like diffusion mechanism, and the basic diffusion's &" indication of interdiffusion in the ML's.

step involves a collective motion of a group of atoms. The ds t v h ati f th dulati i
relation between the interdiffusion and SSIR in the reactiva©ads 1 only homogenization of the modulation composition
ML’s is also discussed. gradient as shown in Fig.(@. This result has also been

confirmed by transmission electron microsco€EM)

observatiort>?! Above 673 K, the process is due to SSIR
II. EXPERIMENT resulting in the NjSi formation. The interdiffusivities of
A. Sample preparation these ML'’s are measured in the temperature range associated

" , with pure interdiffusion.
Nanometer-scale compositional-modulated ML's were

prepared by ion-beam sputtering from alternating elemental
targets in a chamber with a base pressure ®fL0™’ Torr.
Single-crystal Si(100 wafers were used as substrates and The modulation structure and the microstructure of the
cooled by water through a substrate holder. The sampleBIL were examined using AE$performed in a PHI-610
were sputtered in pure Ar atmosphere under pressure &ES], low-angle XRD and HRTEM. All of the investigated

8X 10_4T0rr. The total thickness of the films was about 0.8 as_deposited ML’s have good modulation StrUCﬁjf%G.AS a
um. The modulation period.) of the ML's ranges from 2to  representative example, the AES depth profile from the as-
10 nm(L is the sum of thickness of the two sublayefEhere  deposited Fe-Ti ML is shown in Fig. 2. It exhibits a good
are more than 100 modulation periods for the investigate@ompositional modulation structure with a shorter modula-

ML’s. An amorphous Si layer, about 10 nm in thickness, wasjgn periodL =2.0 nm. The modulation period was deter-
capped onto the surface of the sample to avoid oxidation

during the subsequent anneals. Details of the sample prepe 100
ration were described at length in previous publicatigng?

It is found that the compositional modulation ML passes
through two distinct processes depending on the annealing 80
temperature range: a pure interdiffusion process and a solid 7
state reaction process. The interdiffusion process precede
the SSIR during anneals. This was confirmed by a high-angle 60
XRD combined with a high-resolution transmission-electron 50
microscope(HRTEM) observation. This phenomenon has
also been found in other literatuteFigure 1 contains rep-
resentative XRD curves of Ni-Si ML at various annealing
processes and the schematic diagram of the Ni compositior
distribution in the ML in different annealing processes. As a
result of initial intermixing in the deposition process, the
amorphous Ni-Si multilayer consists of a Ni-rich amorphous- 0 L L L L . L
silicide sublayer with a small concentration of Si and Si-rich :
amorphous-silicide sublayer with a small concentration of
Ni. The modulation structure was obtained by continuing
deposition during the target-alteration process. The modula- FiG. 2. Auger depth profile of Fe-Ti multilayer with
tion structure of other as-deposited ML'’s is similar with that =2.0nm. The composition of the ML is 50 at% Fe. The Auger
of Ni-Si ML. The annealing process from 423 to 613 K is a spectrum shows the good composition modulation structure of the
pure interdiffusion process for Ni-Si ML's and the annealing nanometer scale ML.

B. Low angle x-ray scattering
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TABLE I. The modulated structural and compositional data for Ill. DIFFUSION THEORY

the investigated ML’sN is the number of the XRD modulation e , .
peaks. The total thickness of the ML's is about @u®. There are Interdiffusion in ML’s can be determined from the rate of

more than 100 modulation periods for each investigated ML. homogenization of compositional modulation structure of the
ML’s. According to the theory developed by Cahn and
System L(nm) Composition(at. % N Hilliard,?®>?® a correction must be applied to Fick’s law for

compositionally inhomogeneous systems. In the one-

Fe-Ti 2.0 50.0 Fe 2 dimensional case it is
9.0 51.5 Fe 5
Ag-Bi 9.0 45.0 Ag 4
Fe-Mo 2.74 50.0 Fe 2 gc_d*c 2D d'c
Mo-Si 2.6 35.0 Mo 2 A Pad T Kol )
Ni-Si 4.8 49.2 Ni 2
Nb-Si 392 50.0 Nb 2 whereD is the bulk interdiffusivity,c the atomic fraction of
Ag-Si 6.7 43.0 Ag 4 the components in positiox at timet, f” is the second de-

rivative of the Helmholtz-free energy, andis the gradient-
energy coefficient. For a composition modulation of small
mined using low-angle XRD and confirmed by HRTEM. A amplitudeD, f” and « are independent of composition. Un-
composition modulation structure, just like the Bragg lattice,der these conditions a particular solution to E2).is

gives rise to Bragg reflections or modulation peaks at the

low-angle region (0%260<15°) in the XRD pattern. The

) . e 2
value ofL should be derived by using a modified Bragg's _ a2 2kpB

law, which takes into account the real part of the deviation c=exp —Dp7 1+ f” t|cospx, )

of the refractive index from unit$® The modified Bragg law

is: where B=2=/L is the wave number of the composition

wave. In fact, in highly interdiffused ML'’s, an approximately
cosinusoidal composition modulation can be obtained during

_ n\\ 2 the as-deposited process. The effective interdiffusivity is
Sir? = o) t26 (1) given by
wheren is the order of the XRD modulation peak, the 5
diffraction angle of thenth order modulation peak, andthe D.-D| 1+ 2kpB @
x-ray wavelength. The modulation periods of the ML’s were e o

accurately determined by using E@l) and confirmed by
cross-sectional HRTEM and other experimental The intensityl of the first-order low-angle x-ray modulation
techniques®1®21-23 Taple | presents the modulated- peak is proportional to the square of amplitude of the first
structural data for these ML's. Fourier component of the modulation compositiband de-
Thein situ x-ray diffraction was performed on a Rigaku pends on the effective interdiffusivit . of the ML'’s. By
PSPC/MDG diffractometer with CuKradiation. The dif- assuming that the linear decay of the first-order modulation
fracted x-ray was detected by a positional-sensitive proporPeak represents the process in the isconfigurational condi-
tional counte(PSPQ in 26 angle range 0—150°. The anneal- tion, in the kinematic diffraction approximation, the decay of
ing process was performed in pure Ar atmosphere. The Athe I (t) is related to the effective interdiffusion coefficient
gas protection and-Si cap layer were found to be effective by’
in blocking gaseous impurities from entering the films during
the annealing process. AES depth profiles from the as- )
deposited and the annealed samples show that the oxygen D :ig nl—2
effect is below the detection limitn situ technique together e 872 dt |1(0)
with PSPC can successively measure the intensity of the ) ) _ _
modulation peak under identical diffraction conditions for The logarithm of the intensity of the modulation peak was
the same Sample over the Who'e annea"ng period_ In th|§|0tted agaInSt the annea“ng time. The InterdlfoSIon. Coefﬂ'
way the intensity measuremental error is minimized. This iscients were determined from the slopes of the straight fits
critical for intensity measurement, as small variations inversus annealing time. Thus, it is critical for the measure-
Samp|e position and a”gnment lead to |arge intensityl'nents OfDe to minimize the Intensity error in the anneallng
changes in the modulation peaks. The uncertainty in th&rOCess.
measurement of intensity of the modulation peak was esti-
mated by measuring the same modulation peak several times IV. RESULTS AND DISCUSSION
without annealing between measurements. The maximum of
the uncertainty for the intensity measurements is about 5%.
The phase transition that may be caused by annealing in the The x-ray interference peaks due to the compositionally
ML is monitored simultaneously by high-angle XRD in the modulated structure are observed for all the investigated
measuremental process, thus the interdiffusion investigation¥lL's in this paper. For Fe-Ti ML withL=9.0 nm, the XRD
at pure interdiffusion process of the sample are guaranteednodulation peaks up to the 5th order have been observed.

1(t)

. 5

A. Application to metal-metal multilayers
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FIG. 3. Low-angle x-ray diffraction pattern (CyKadiation of
the as-sputtered Fe-Ti multilayer with=2.0 nm. The low-angle L L s 1
peaks indicate a composition modulation along the growth direc- Time (h)
tion. The dash line is a fit to the low-angle x-ray spectrum based on
the dynamical scattering theory. This specimen is used in the sub- . ) i )
sequent annealing and the interdiffusion coefficients are obtained FIG. 4. Decay of the intensity of the first-order modulation peak

from the decay of the first modulation peak during the isothermal! Fe'T' multllgyer. (=2.0nm) as a funcqu of annealing tlme at
annealing process. various annealing temperatures. A more rapid nonexponential decay

in the early stage of the annealii@—1.0 h) is contributed to the
annihilation of the large number of nonequilibrium defects and ho-

The number of the XRD modulation peaks for each studiednogenization of the steep composition gradient in the as-deposited
ML is given in Table I. As an example, the low-angle XRD multilayers at the earlier annealing stage. The interdiffusivities were
pattern of the as-deposited Fe-Ti ML£2.0 nm) is shown obtained from the linear region occurring in the later part of the
in Fig. 3. The ML has a sharp modulation peak at 2 annealing process, where the local equilibrium has been reached.
=4.44° and a weak peak ap28.74°. In the aim to evalu-
ate the modulation structure and interface roughwe$§¥he literature*” 121718 The enhancement in intensity decay is
interface roughness is the degree of the structural imperfecontributed to the annihilation of the large number of non-
tions at the interfaces induced by the intermixing during theequilibrium defects and homogenization of the steep compo-
deposition process or by the structural misfit of the sublaysition gradient in the as-deposited multilayers at the earlier
erg| of the ML, a fit to the low-angle x-ray spectrum based annealing stage. A relative steady exponential decay state
on the dynamical scattering thedfyand the roughness was obtained after 1.0 h annealing. The accuracy of(gq.
model of Nevot and Croéhas been done to provide infor- for obtaining the interdiffusivity is strongly limited by the
mation about the interface roughness and modulation struagonequilibrium defects, and especially, the steep composi-
ture. The dotted line in Fig. 3 represents the simulation pattion gradient that exist in the early stage of the annediing.
tern calculated for the rectangular composition profile.The effective interdiffusivities were determined by the linear
Clearly, the measured pattern is in good agreement with thfit from the linear part in Fig. 4. At 458 KD (458 K)
calculated one. The measured angular position of the modu=1.085< 10" 2°m?s. Raising the temperature to 498 K the
lation peaks accurately coincides with the calculated oneslope increases, indicating the temperature dependence of the
According to the fit, the roughness of the inner interfaces foiinterdiffusivity. The effective interdiffusivities at various an-
Fe-Ti ML’s is 0.8 nm. The measured peaks are weaker andealing temperatures can be summarized in the Arrhenius
broader than the calculated one, and the difference is due to
the structural imperfection such as variation in period, com-
position gradients, and intermixing during the deposition
process at the interfacé$.3 Despite considerable imperfec-
tion, a good composition modulation along the film-growth
direction is maintained in the studied ML'’s as evidenced by
the x-ray spectra fit, AES depth profile, and cross-sectional
TEM.Z

Figure 4 represents a typical plot of the logarithm of the
normalized intensity of the first modulation peak versus time
at various annealing temperatures. No evidence for phase
transition was detected by either XRD or TEM during the
annealing processes in the Fe-Ti ML. This indicates the in-
vestigations were made in the pure interdiffusion stage. A F|G. 5. Temperature dependence of the interdiffusidty for
feature is worth noticing from the plot; the intensity exhibits Fe-Ti ML. The solid line is the linear fit of the diffusion data. The
a more rapid nonexponential decay in the early stage of thet indicates that the interdiffusion data display excellent Arrhenius
annealing(0—1.0 h. This type of behavior has also been behavior. The activation enerdy, and preexponential factdd,
generally found for many other ML's in the are obtained from the fit.

D,=1.50x10% m/s

Ln(D,) (m/s)
o

H,=0.29eV

1.8 2.0 2.2
1000/T (K™)
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D. andH, are listed in Table Il. The obtained interdiffusion
0.0} 458 K L=9.0 nm data for Mo-Si ML are in accord with the report of Ref. 32.
L=2.0 nm For the interdiffusion in the Ni-Si ML, the obtained results
are agreement with those estimated from the studies of the
growth kinetic of NiSi precipitates ia-Si,>® as well as from

S
N
T

é‘ De=1.085x10% m?/s investiggtion of the diffusion of Ni in amorphous Si by sec-
= ondary ion-mass spectrometry and RES.
§ 041
E 1.67x10™ m'/s C. Validity of the in situ XRD interdiffusion measurements
06 For There is a key test by which to determine whether a

method can be used to correctly measure the interdiffusivity
I B R S e in solid, that is, the obtained interdi_ffusivities as a functiqn
of temperature should be described by the Arrhenius
Time (h) relation®® The diffusion data from our experiments for
various systems display excellent Arrhenius behavior. The
FIG. 6. Decay of intensity of the first modulation peak for the ConSIStEd Arrhenius be_hawor of, Sque.StS that thin Sm.J
Fe-Ti ML's with L=2.0 and 9.0 nm, respectively. The decay of the X_RD is the most _sensmve met’md_avanable to probe inter-
intensity of the ML with largelL is faster than that of the ML with  diffusion information of the ML's with nanometer scaléd
smallerL, indicating theL dependent of the interdiffusion in the &t low temperatures. This was also verified by a series of
ML's. other studie®~*8The values oD, for above ML'’s are quite
low (107 22~10 %®m?s) compared with the extrapolation of
the published high-temperature diffusion data in bulk alloys
metals®’ and crystalline silicorf® However, they are similar
to those reported in many other ML{&efs. 7, 17, and 18
and amorphous alloyS* The interdiffusion behavior in
the ML'’s is characterized by two parameters, the preexpo-
nential factorD, and the activation energy,. The interdif-

=1.50¢ 10" *exp(~0.29kaT) [m/s], (458-573 K. ks Is fusion parameters obtained in this paper are summarized in
the Boltzmann constant. Figure 6 shows the decays(f Table Il. To see any distinct difference in MLB, andH,

for Fe-Ti ML’'s with different modulation periods annealed . , .
at 458 K. The intensity attenuation curves of Fe-Ti ML with In t_he ML's are compared to other amorphou_s and crystalline
L=9.0nm is much faster than that with=2.0 nm. The ef- S0lids and shown in Table Ill. The obtained values of

— 17 — 22 2 H
fective interdiffusivities for the two samples with=9.0 and Do(10°*'~10 = m’/s) are much smaller than t?e ztyp|cal
20 at 458 K are 1.6710-2*m2/s and 1.085% 10~ 25m%s values of that in crystalline materials (19-10 ' m?s),

and the differences are more than ten orders of magnitude.
The values oD, for liquid metal and amorphous alloys are
normally much smaller than that of corresponding crystalline
R iSmaterials. The feature @, in the ML'’s is similar to that of
liquid metals and amorphous alloy8’ The feature can
hardly be attributed to the routine of experimental errors, and
is related to the peculiar diffusion mechanism in the ML’s.
We will discuss this in detail in Sec. IVE.
B. Application to metal Si multilayers The values oH, obtained in ML'’s are quite sma(k1.0
The interdiffusion in the Mo-Si, Ni-Si, Nb-Si, and Ag-Si eV). Our results are similar to that of the interstitial diffu-

ML's are investigated by thé situ XRD method. The ef- sions and/or interstitial-like diffusions in other solids as
fective interdiffusivities for these metal-Si ML's can also be Shown in Table lil. It is well know that the small values of

summarized in the Arrhenius plot, and the obtained values dPo @1d He are a general feature of interstitial diffusers in
crystalline solid[e.g., transition metals diffusion in-Zr,*®

crystalline Si¢-Si) (Ref. 49]. The small values ob, and
H. are even a general feature for interstitial-like diffusers in
amorphous solile.g.,a-Si, amorphous alloy&-alloys)]. In

plot in Fig. 5. The diffusion data displays excellent Arrhen-
ius behavior. From the Arrhenius expressioD.=

D, exp(—Hc/kgT), the activation energil, and preexponen-
tial factor Dy can be obtained from a plot db. versus
10007. The effective interdiffusivities are expressedds

respectively. This result indicates that the effective interdif-
fusivity is modulation-period dependent in Fe-Ti ML’s. The
values ofH, and D, for Fe-Mo, Ag-Bi ML’s (Ag-Bi ML
with positive heat of mixing is a system where the SSI
difficult to occup are also obtained by using tiresitu XRD
method. The results are listed in Table II.

TABLE Il. The interdiffusion parameters of the studied ML's,
Ar/r is the atomic-radius difference of the constituents in the ML.

System Ar/r (%) H., (eV) Do (M?s) comparison, the nqninterstitigl diffusers in both crystalline
and amorphous solids shown in Table[Blg., S{Ni) diffuse
Ag-Bi 16.5 0.21 4310 % in c-Si(c-Ni) by monovacancy mechanism, for Si diffusion
Fe-Ti 14.0 0.29 1.5810 %2 in c-Si in the range of 1493-1623 KD, and H,
Fe-Mo 9.8 0.33 218104 1.80x 10 ' m%s and 4.68 eV, respectivdipave largeH,,
Mo-Si 5.2 0.37 6.26010 % and the values ob are several orders in magnitude larger
Ni-Si 6.2 0.69 2.1%x10° Y than that of interstitial diffusion. The discrepancy is attrib-
Ag-Si 8.7 0.24 2.0x10°2° uted to the diffusion mechanism difference among these sol-
Nb-Si 10.1 0.55 22810718 ids. TheD,y and H, are determined by the interdiffusion

mechanism and the change of the diffusion mechanism will
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TABLE Ill. A summary of theD,, He, and diffusion mecha-
nism for variousa-alloys and crystalline solidg-Si, c-Ni are crys-
talline Si and Ni, respectivelg-NigyZrs, represents the amorphous
NisoZrsg alloy. In the diffusion-mechanism columa stands for the
interstitial diffusion mechanisnf) stands for the noninterstitial dif-
fusion mechanism, and for the interstitial-like diffusion mecha-
nism.

)
Diffusion Dy He Q
System mechanism  (m?s) (eV) Refs.
Ni in c-Si a 1.79<10°7 047 38
Ni in c-Ni b 5.0x10°° 283 44
Siin c-Si b 1.8x1071 468 44
Ni in a-NigeZrsg c 1.7x10°7 1.4 45 0.0, : : s T —
Fe ina-FeyZrg c 3.1x10°7 145 46 ] _
Zr in a-Fey,Zrg b 21x10°° 241 46 modulation period L (nm)
Feinc-Si 2 L3101 0.68 49 FIG. 7. The relation betweel,/Dg andL for Fe-Ti ML at 458
i i -3 - e/lUB -
Ei Iirr]\aa-'?\lei‘:i\zhriszo tc) 2§§18_7 igg 22 K. The gffective interdiffusivi.ties dependencelofs significant for
Co inc-Si a 9.0x10° 8 0.37 49 ML'’s with smallerL, whenL is larger than 10 nmD.,~Dg.
Co ina-CogoZry, ¢ 82x10°" 147 42 estimated. According to Cahn’s thedi® the relation be-
Au in a-CogeZryy b 79x10°t 274 42 qyeen effective interdiffusivity and bulk interdiffusivitp g
Cuinc-Si a 47x1077 043 49 is given by
Cu ina-Si c 5.0x10°% 1.2 43
Ag in a-CugZrso c 1.3x10°% 072 60 8m2k 1
Au in a-CugZrsg c 1.7x10°7 155 60 D= DB( 1+ — F) ) (6)
Bi in a-Pd,gCuycSie b 369 39
Pt in a-Pd;gCuy6Sig c 139 39 Assuming a regular solution model for the ML'’s as discussed
by Greer and Spaepéns andf” are given by
show up in different features of the parameters. Based on the AHr?
above analysis, the similarity between the interdiffusion in Kl f" = B(RT—2AH.)’ (7)
m

the ML'’s and interstitial or interstitial-like diffusion in other
solids, permit the hypothesis: the interdiffusion in M-M and where AH,, is the enthalpy of mixing of a system at the
M-Si ML's may be governed by an interstitial-like mecha- equiatomic composition, andis the interactomic distance.
nism. However, the microstructure of the ML’s with high- Substituting standard valu¥sfor these variables, one ob-
density interfaces are not thermodynamic stable. Slightains the values ok, f”, and «x/f”, and then the bulk inter-
variations of the preparation parameters during the depostiiffusivity Dg. For Fe-Ti ML at 458 K, k=
tion process like the deposition rate and the substrate tem-=4.1x 1071°J/m, f"=9.2x10° J/n?, klf"=—-45
perature lead to high strain and a large number of nonequix 10-2°m?, andDg=1.75< 10" **m?/s. Figure 7 shows the
librium defects in the ML’s. The strain and defects in thequotientDe/DB dependent of. for Fe-Ti ML at 458 K. It
ML’s must affect the interdiffusion. The high-density non- can be seen that tHa, dependence df ~? is significant for
equilibrium defects in the ML’s could act as a fast diffusion ML’s with L less than 10 nm. Wheh is |arger than 10 nm,
path?® and reducd, andH,. Strain frequently exists in the D,~Dg. The obtained values ok/f” and Dg for other
high-density interfacial ML's because of the thermal expan-{( s are listed in Table IV.
sion mismatch with the substrate and coherency strains be- Figure 8 displays th® andH,, of the M-M ML’s versus
tween the sublayers. Even the strains can be relaxed by aghe atomic radius difference of the constituets'r in the
nealing. They were found to remain at least partiallyp s where Ar=rp—rg, r=(ra+rg)/2, andr,, rg are
throughout the whole interdiffusiolf. The strains may cause the atomic radius of the two constituents of the ML, respec-
easing passage of the interstitial diffusers through anothq{ve|y_ The lines were drawn visually. It is seen ti and
sublayer and also redudt, . H, show a correlation with the atomic size difference for the
M-M ML’s. The ML with larger atomic-size difference ex-
hibits faster interdiffusion and lower activation energy. This
indicates that an atomic-size difference dependencB gf
exists in the M-M ML’s. The interdiffusion data of the Pt-Co
As shown in Fig. 6, théD, is L dependent in the Fe-Ti ML in Ref. 13 follows the trend as shown in Fig. 8. How-
ML. In fact, this is a general feature resulting from the largeever, the data obg andH, scatter so much that there is no
chemical-potential gradient in compositional modulatedcorrelation betweerDg and Ar/r in the M-Si ML's, as
ML'’s.1325263251Tq compare the interdiffusion behavior in shown in Fig. 9. The size dependence of diffusion coeffi-
various ML'’s the bulk interdiffusivity, therefore, should be cients andH, were found to be the general features of the

D. Correlation between the atomic-size difference and
interdiffusion in the ML'’s
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TABLE IV. The calculated values ok, f”, «/f”, and bulk

interdiffusivity D for various ML’s studied in this paper and Pt-Co 071 & Ni-Si
ML in literature (Ref. 13 at 458 K. Ar/r is the atomic-radius 06
difference of the constituents in the ML. . I

3 )

Ar/r " Dy s 0.5} Nb-Si

ML'’s (%) (1072 (m?/9) 04l
Fe-Mo 9.8 —38.0 41107 % * Mo-si
Pt-Co 10.6 ~782 3.4¢10°% 03¢ Ag:Si
Fe-Ti 14 —450.0 1.7%10 2 02 L
Ag-Bi 16.5 0.0035 2.6¢10° % -53tF
Mo-Si 5.2 -100 5.2¢10° % Ag-sit
Ni-Si 6.2 -67.1 41210 @ F
Ag-Si 8.7 ~65.1 8.210 24 E % - Nb-Si
Nb-Si 10.1 ~124.8 2.6810° 24 3 Ni-Si L

3 ss|
metal diffusion in M-M a-alloys, crystalline o-Ti, and
a-Zr 20485354 This correlation is interpreted qualitatively as 5 % Mo-Si T=458 K
being caused by different elastic distortions of the matrix e
during the thermal-activated jump of the differently sized 4 5 6 7 8 9 10 11 12
atom>® A number of exceptions in the case of metal- Arir (%)

metalloida-alloys have also been fouritt®>® The similarities

of the structural dependence between interdiffusion in the FIG.9. The bulk interdiffusivityDg of the metal-Si ML'’s vs the
ML'’s and a-alloys also indicate there is the similarity in the atomic-radius difference in the ML’s. The datad§ andH, scatter
diffusion mechanism between the two systems. The atomicso much that there is no correlation betwdegp and Ar/r in the
size difference in the ML's is an important effect on the M-Si ML’s.

interdiffusion in ML’s, but it is only one of several factors

effecting the interdiffusion. The other factors are the con-factors are negligible compared to the structural factor. It
figuration of the constituents and chemical factor. An obvi-seems that the structural effect in the studied M-Si ML'’s are
ous size difference dependent can be observed only if othé@ss important compared with the M-M type ML's.

It is found from a comparison of the interdiffusion in
Table Il that the activation energies are lower in the M-M
ML'’s than in the M-Si ML’s. This may also result from the
size difference between the two types of ML'’s. As is shown
in Table I, M-Si ML’s have a relatively larger atomic-size
difference than that of the metallic constituents in the M-M
ML’s. We note that in the investigations of diffusion the
energy barrier for the same migrating species is generally
smaller in the M-M-type than in the M-Si-typealloys, and
the discrepancy has been correlated with the known size dif-
ference between the M-M and M-8ialloys®® As shown in
48— Table I, there is a basic size difference between the M-M
and M-Si ML’s. M-M-type ML’s, in which the constituents
have a larger atomic-size difference than that of M-Si ML's,
have a larger mismatch strain, and then results in the relative
lower value ofH, in M-M ML'’s.

036F  FeMoML

0.30+
0.24}

0.18}

Activation energy(eV)

E. Proposal for interdiffusion mechanism in the reactive ML’s

Ln(Dg) (m?/s)

An empirical correlation betweeB, and H, has been
(a) observed and is known as the isokinetic relation in amor-
phous and crystalline alloy¥,

k)
574 ™ Pt-Co ML

9 1.0 1.1 1.2 1\:3 1;1 15 16 17
A/ (%) InDo=InA+H,/B, ®

FIG. 8. The bulk interdiffusivityD g of the metal-metal ML’'s vs ~ Which is expected to fulfill with specific parametarand B
the atomic-radius difference in the MLU'Ar=r,—rg, r=(r,  for a whole set of diffusion coefficients if they are based on
+rg)/2,1,, andrg are the atomic radius of the two constituents of @ common diffusion mechanism. A plot of Iy andH, for
the ML, respectively. The line was drawn visuallys andH, show  the interdiffusion data in this paper is presented in Fig. 10.
a correlation with the atomic-size difference for the M-M ML’s.  The diffusion data reported in Zr-basadilloys>’ crystalline
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10 difference inDg of even as much as an order of magnitude is
not of major concern. In this case, however, the differences
or are found to be more than ten orders of magnitude. Such
gl cstaline x differences can hardly be attributed to experimental errors.
@ g e Y This diffusion characteristic was considered to result from
e 20} i . the preexisting nonequilibrium defects in the ML’s with a
= amorphous - shorter value ofL.”*? D, is related to defect byD,
% -0k o o =D}/Cia,*®*3 where D{ is the preexponential factor in a
a0l S e hypothetical defect-free MLy the parameter related to the
o binding entropy, the attempt frequency for an diffuser atom,
5oL/ MLs Tt v X% and the number of defect sits available around a defect. The
difference ofC, between crystal S{0.1 ppm% and amor-

00 0.'5 .1'0 1o 20 25 phous Si(<1%) formed by deposition is in the order of 10
Activation energy H, (V) So, the difference o€, between a hypothetical defect-free
ML and the studied ML should be less than’ 1Therefore,
the significant difference iD, cannot be totally attributed to
the fraction of the defect in ML’s. To interpret the results, we

pay particular attention t®,, which displays a significant

obtained from the fit for the ML’s and Zr-baseealloys are obvi- Idlfferde:Pfce.ampng the Crﬁsltalllnle sbolldﬁallloysl, and ML SI i
ously correlated according to the relationOg=In A+H./B with r_1ter ifusion 1S governed 1argely y the loca structl_Jra en
the values ofA andB as 9.85 10~ 2'm?s and 0.053 eV, respec- vironment and defe_cts. With regard_to Iong-_range dlfljusmn,
tively. The value ofA (1.6x 10~ m%s) andB (0.37 eV} for crys- the purely geometrical part of the disorder in the ML’s can
talline a-Zr, -Ti, and Si are quite different from those afalloys ~ P& discarded due to the quite well short-range order; the local
and ML’s. microstructure in ML is close to that of crystalline solids. For
example, in M-Si ML’s, thea-Si andc-Si are similar in
ea ] ] . . local atomic microstructur® However, the defects in the
a-Zr, o-Ti,>" andc-Si (Ref. 49 are also given in the figure \'s must be different from that in crystalline solids, be-
to see any distinct difference from the interdiffusion in the cayse thed, andH, for the interdiffusion in ML’s are ex-
ML'’s. In spite of the relative large scatter, the diffusion pa-yremely small. An extended nonequilibrium defect may be
rameters for the ML’s and Zr-basesalloys are obviously  responsible for the interdiffusion in the unstable ML's struc-
correlated according to E(B) with the values o andBas  yres. The extended defect is complex and involved a large
9.85<10 “m®/s and 0.053 eV, respectively. The parametersyymper of neighboring atoms, rather than the interstitial site
AandB are almost the same within the experimental error ag; monovacancy, which have been shown to govern the dif-
reported for othera-alloys:®***®*%®® The value of A fysjon in crystalline. The conclusion is discussed in detail
(1.6x10° " m?/s) andB (0.37 eV} in crystallinea-Zr, a-Ti,  pelow. It is known thaD, can be written &8
and Si are quite different from those afalloys and ML's,
which means the different interstitial diffusion behaviors be-
tween the crystalline-Zr, «-Ti, Si, and ML’s. The observed 2 AS
isokinetic relation between-alloys and ML'’s further con- Do=a“cfroex g |’ ©
firms that a similar diffusion mechanism is operating in
ML’s and a-alloys. In fact, just likea-alloys, the ML’s with  wherea is the mean-jump distance the geometric factoff,
a high density of interface and a large number of nonequithe correlation factory, the jump-attempt frequency, and
librium defects are in the metastable state, and they contain &S the change in the activation entropy during the jump
large number of nonequilibrium defects. Combining with theprocessD, is determined by the five terms. The significant
anaIySiS in Sec. IV C, it can be concluded that the S|m||ar|tyD0 differences of more than ten orders of magnitude be-
in diffusion behavior between the ML’s arsalloys is rea-  tween crystalline solids and ML’s must result from the large
sonable. The diffusion, unlike in crystallineZr, a-Ti, and  changes in these terms. Since the local microstructures are
Si, is strongly affected by defects in the ML's. The defects insjmilar between the crystalline solids and ML's, the constant
the ML may act as trapping centers, and trap diffuser atomg, \which is geometric in origin, and the mean-jump distance
temporarily and make the atoms undergo a trap-retarded dif could not be significantly different between the crystalline
fusion, reducing the interdiffusivity By D.=D;/[l solids and ML's. For any reasonable diffusion mechanism
+C, expH,/kgT)], whereDy; is the interstitial diffusivity in  and structuref would vary between five to ten at most. The
hypothetical trapping-free ML'SC, and H, are the atomic small changes of the three terms cannot account foDhe
fraction of traps and the binding enthalpy, respectively. Thalifferences between crystalline solids and ML'’s. The jump-
decrease oD, in ML’s results from the diffuser having to attempt frequency, usually taken to be the order of the
pass through the trapping centers in ML'’s. Debye frequency in crystal, is 3¥s. In thea-alloy, v, was
From Fig. 10, one can see that the valueBgfandH. in  observed to be in the order of ¥8.5* The values of,
the ML'’s are smaller in several orders of magnitude than thevould be roughly in the same order of magnitude as that of
a-alloys, even though they correlate according to @). It  the a-alloys, and the difference is about four orders of mag-
is known thatD, cannot be determined as accurately as thanitude. Thus, the large differences betwdgis in crystal-
activation energy in the diffusion measurements; the smalline solid and ML's would be attributed to the entropy term

FIG. 10. The plot ofLnDy and H, for the ML's Zr-based
a-alloys (Ref. 37 and crystallinen-Zr, o-Ti (Ref. 54, and Si(Ref.
49). The solid and dash lines are linear fit of the diffusion param-
eters for the ML’s and Zr-baseatalloys. The parametes andB
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TABLE V. The results of solid-state interfacial reaction in the

ML'’s. X is the crystalline compound.
)
Dg Reaction s
ML’s (m?ls) results g
Fe-Mo 4.1x10°% 8
Fe-Ti 1.75x10" % Amorphous &
Ag-Bi 2.0x10 23 8 . _

i w : M forming range
Mo-Si 5.2x10™% X  ——
Ni-Si 4.12<10 24 Amorphous X x, o . o

; — 24
ol s oo

FIG. 11. A schematic plot of the free-energy curves for the

. . as-deposited MLG,, A, andB solid solution in the form of crys-
exp(ASkg), €.g.,AS has to be large and negative. For diffu- talline phasea, B, respectively, a crystalline intermetalliX with

sion in Crystallllne SOI'dSAS, is of (_3_,5)<’ Wh'Ch COITe- narrow composition range, and an amorphous phsgéth a broad
sponds to the single-atom diffuse with interstitialcy or mono-¢omposition rangeAG s the driving force for the SSIR in the
vacancy mechanisffi. AS in ML's is estimated to be (eactive ML. The figure exhibits schematically the SSIR trend of
—(8-15Xkg.%® The large and negative value AfS in the  the reactive ML.

ML'’s indicate that the basic diffusion step in the ML’s is not

a single atom jumping into a vacancy or replacing an intercompetitive-growth argumerfts®® and nucleatiof>®° re-
stitial site in the case of diffusion in crystalline solids, but thespectively. Both of the approaches, however, have limited
collective motion of a group of atoms. The entropy of interpretation capabilities, due to their dependence on un-
—(8—15kg roughly corresponds to a cluster with 8 to 15 known kinetic constants of interfacial energy and the kinetic
atoms, and the cluster may move in an interstitial waybarriers. The SSIR can be better understood in terms of the
through the nonequilibrium extended defects, possibly likeinterdiffusion behaviors pertinent to the ML's.

the free volume in liquid ana-alloys, which acts as diffu- To clarify the relation between the interdiffusion and
sion path in the ML’s. This suggestion is also consistent withSSIR in the ML’s, a schematic plot of the free-energies dia-
the smallerH, and the marked correlation between Bg  gram for a ML consisting of pure elememsandB sublayers
and H, found for interdiffusion in these ML’'s. The ex- is illustrated in Fig. 11, which exhibits schematically the
tremely small values oD, andH,, displaying marked cor- SSIR trend of the ML. The free-energy curves for the as-
relation, are generally taken as evidence of a collectivaleposited ML,G,, A, andB solid solution in the form of a
atomic-diffusion mechanism in liquid ana-alloy. The crystalline phasey, B, respectively, a crystalline intermetal-
jumps of clusters of atoms have been observed in the mdic X with a narrow composition range, and an amorphous
lecular dynamics studied of model glasses and a binary sofpphase M, with a broad composition range are shown in the
sphere mixture near the glass transition. The jump seems figure. This is the general case in the ML’s with negative
be closely related to the low-frequency excitations in glasseseat of mixing®” As illustrated in the diagramAG is the
and the groups of atoms are found to move in a caterpilladriving force for the SSIR in the reactive ML, and the for-
motion between two nearby equilibrium positions, corre-mation ofX is favored in the view of energy point. However,
sponding to small activation energies. The collective atomiconsider the schematic diagram in Fig. 12, whereXlue M
movements resemble the atomic relaxation motion inembryo has formed in the interface between piand pure
a-alloys® Highly collective diffusion has also been sug- B sublayers. In this case, An atomsXror M would leaseX
gested in liquid and-alloys>>%* and there are several rea- or M to diffuse into solution on th& sublayer, and will
sons to support the proposal of a collective mechanism ifleave X or M to go into solution on theA sublayer. This
liquid, glasses, and-alloys® The ML’s with a high density  would happen until thé andB solution adjacent to th¥ or

of interface and a large number of nonequilibrium defects aré embryo reaches ¢qandxg ¢4, Or until X or M dissolved.

in the metastable state. The local microstructure in ML isTherefore, an embryo of or M, regardless of its size, cannot
close to that ofa-alloys. The interdiffusion is governed

mainly by the local microstructure and defects. Therefore,

the similarity in diffusion behavior and mechanism between A sublayer
the ML’s anda-alloys is reasonable.

interface

B sublayer

F. Relation between interdiffusion and SSIR in ML'’s le interface

A
SSIR’s are widely found in M-M and M-Si ML'$.The M or X embryo
SSIR results in the studied ML'’s are listed in Table V. The
SSIR in ML’s is clearly kinetically, as well as thermody- B

namically constrained. No SSIR were observed in Ag-Bi and
Fe-Mo ML'’s, for they do not satisfy the thermodynamic and  FIG. 12. A schematic illustration of crystalline particl¥sor
kinetic requirements of SSIR. Two general approaches t@amorphous particled forming in a ML consisting of puré andB
analyzing the kinetic constraint in SSIR are based orsublayers.



10 820 WANG, BAI, ZHANG, ZHAO, ZHANG, AND WANG PRB 59

nucleate and grow between pufeand B sublayers, even ML, the amorphous phase forms in the range 25-62 &t Ni.
though the formation oK or M would reduce the energy of From these considerations, it can be seen that the interdiffu-
the ML systems. Similar analysis can demonstrate ¥hat  sivities have the significant effect on the phase selection of
M forms inside pure or B sublayers as shown in Fig. 12 is the SSIR in the ML'’s.

also impossible. Therefore, interdiffusion is required before V. SUMMARY AND CONCLUSIONS

SSIR between pure sublayers. The interdiffusion must pre- i L i i

cede the nucleation of a phase induced by the SSIR in the The interdiffusion in metal-metal and metal-Si multilayers

ML'’s, because the nucleation and growth of a phase thaf/as S.tUd'eq by.usmg an situ Iow-anglg XRD ”.‘e‘hOd- The .
involves a composition change requires diffusion of the conPUre interdiffusion process before the interfacial reactions in

stituent to form nuclei. The conclusion is consistent with th the ML's was clearly separated from the subsequent interfa-

interdiffusion experimental results in the ML, which show 9'a| reactions by taking advantage O.f the unique composi-

that there is a pure interdiffusion process before the SSIFtéon"’I”y modul_ated .MLTQ’ _a}nd then situ low-angle XRD .

happens. mthod. The |nterd|ffu§|V|t|es were accurately measured in
It is known that ML's with a strong SSIR trend display an various ML'’s. The obtained values BX, for the ML's are in

23 10252
interdiffusional asymmetrit? For example, the mobility of the rangg Of. ﬁo h_ 10" m /IS gnd tf;e);] are rk?lg(;\h Cliovr\]/_erh
Ni in a-Si is faster than that of Si in Ni in the interdiffusion €°MPare with the exirapolation of the publishe Igh-

process of Ni-Si ML® so that the interdiffusion is approxi- tempergture_diffusion data in bulk alloys_, pure metals, and
mately equivalent to a single-diffusion process of the domi_crystall!ne silicon. Howeyer, they are similar to thc_)se re-
nant diffuser in the Si sublayers. L&tatoms diffuse much ported in many other ML's ane-alloys. The obtained inter-

faster in theB phase thaB atoms diffuse in ther phase, and diffusion coefficients are temperature dependence and can be

the interdiffusion is then considered as a singIe-diffusiondescr'b_ed by the Arrhemus_ rel_at|on. The value_s of th_e preex-
sonential factoiD, and activation energi, for interdiffu-

process. In this case, as the interdiffusion proceeds with sufone! A
ficiently low interdiffusivity, theX in B is the first possible sion in the M-M and M-Si ML’s are much smaller than the

forming phase wheng reaches the compositioRy ., as impurity-diffusion coefficients in crystalline solids. The ex-
-eqr

defined in Fig. 11. This kind of interfacial reaction has been"éMely smallDo in the ML's is about the same order in

observed in Mo-Si ML. In the Mo-Si ML, where the inter- magnitude as that of quuid metals. and amorphous alloys.
diffusion is very slow, the crystalline compound Mg&®i the The values of the activation energy in the ML’s are less than

first formation phase. IX does not nucleate and the interdif- 1.0 eV, which are similar to that of the interstitial diffusions
fusion continues. it Will next become possible to nucledte and/or interstitial-like diffusions in other solids. The interdif-

when a sufficient volume oB reachesxy, . Thus, the time fug'iﬂn '\c/lo;\a/lfﬂgent da;[a ar:jdtthe actllv?tlontﬁrlﬁrgytm t_he StUd'
required for nucleation of th¥ or M, e.g., the time required ga.ﬁ - b stwere tcr)]un 0 tc_torreta e V\;'h M?_'a o_mc—_&fe
for interdiffusion to the point at which th¥ or M can nucle- Ierence between the constituents n the S. The inter-

ate and grow, controls the SSIR products. If neither thed'ﬁcUSIOn parameterf), andH, agree with an experimental

stable X nor the metastable amorphous phase nucle@es, cprrellatio.n IDo=In A+H,/B that appears to be. valid for
eventually reaches the compositiap, at which the solid dlffKSIOI’l in q—alloys; ﬁlnd. ctrysc}fs#hn'e 21, Ti, an(tj Si. d beh
solution becomes supersaturated and unstable with respect.to comparison of the Interdifiusion parameters and behav-

M. A Idt f | hically to  [of between thea-al_loys z_ind _crystalline S_ia-Z_r, and o-T _
M Itscigok?es ec%?i?jfé\évotﬁat trr?gssosrlrg ‘Tr? ){&Omdgaisycgn_suggests that the interdiffusion mechanism in the ML’s is

strained by the rate of interdiffusion and the rate of nucle_analogles with that in the-alloys. The extremely small val-
es ofD, and the marked correlation between thgandH,

ation of the competitive phases. The appearance of the amoy-">. terdiffusion in ML's indicate that the interdiffusi
phization reaction in the ML'’s indicates that the nucleation or nteraitiusion in VIL'S Indicate that the interdiusion
may involve the jumping of clusters consisting of 8—15 at-

of stableX is slow relative to interdiffusion and nucleation of . 4 of the sinl . Th I
an amorphous phase. The thermodynamic and kinetic factofy"'S Instead of the single-atom jump. These atoms collec-
tively move in a complicated way between the extended non-

were generally thought to govern the SSIR in the Mt*s*® ilibrium defects by th | activation in the ML’
In thermodynamics, the large negative heat of mixing pro-equ"_ rium detects by thermal activation in the S-
It is demonstrated that the interdiffusion has close rela-

vides the driving force for the SSIR. In kinetics, the energy . . ) - : . o
barrier for the nucleation, which involves the interfacial en-1ons with the SSIR.'” the plnary M.L s, the interdiffusion
st precede the interfacial reactions and occur before

ergy, determines the SSIR phase selection, and the pha%J : ) ; ,
which has the higher nucleation rate or low-energy barrier igucleaﬂon of any possible phase in the ML's. The preceded

the favored forming phase in the interfacial reaction. FromInterdlfoSIon comblnl_ng with the t_hermodyna_mlc driving
the above analysis, it is concluded that SSIR is controlled noflorce ?‘”d energy barrier for nucleation constraints the phase
only by the driving force and energy barrier for nucleation,sel.ectlon gpd favors the amorphlous formation in polymor-
but also by the interdiffusion rate in the ML's. Because thephIC transition in SSIR of the ML’s.

interdiffusion between the constituents is slow, it could be
expected that unpolymorphic nucleation Xfand M would

be slow and the amorphization will be favored at composi- We would like to thank Dr. M. X. Pan for his useful
tion abovexy and belowx; by polymorphic transformation. discussions and help. This paper was supported by the Na-
That is, the possibly amorphous forming composition rangdional Natural Science Foundation of Chin&grant No.

is Xo<<X<X; as illustrated in Fig. 11. In fact, the amorphous 59871059, and the Foundation of Chinese Space Agency for
phase induced by SSIR in the ML’s does form in the centefYoung Scientists in High TechnologyGrant No. 863-
composition range in the diagraihFor example, for Ni/Si  2.98.9.
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