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Interdiffusion and reaction of metals: The influence and relaxation of mismatch-induced stress
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The early interdiffusion stages in epitaxially grown Ag/Au and Cu/Au reaction couples are investigated by
high-resolution andZ-contrast electron microscopy. While the interdiffusion in the lattice-matched system
Ag/Au follows Fick’s diffusion laws from the very beginning, a complex two-stage reaction is observed in the
lattice-mismatched Cu/Au samples. A fast diffusion at the beginning of the heat treatment produces a planar
zone of lattice defects along the interface, which release most of the induced stress. This first reaction stage
stops after reaching a diffusion length of about 15 nm. Subsequent interdiffusion takes place by a recrystalli-
zation mechanism comprising heterogeneous nucleation of new grains and diffusion-induced grain boundary
migration. During this second reaction stage, discontinuous composition profiles are determined, evidencing
stress release at high-angle grain boundaries. The recrystallization mechanism also dominates the formation of
ordered intermetallics at lower reaction temperatures.
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[. INTRODUCTION tional specimens of the reaction zone were prepared and in-

Motivated by important applications in data storage andvest!gated by transmission elt_actron mlcr_osc()'D&M). Con-
magnetic sensoric, stability and potential reactions of metalVentional bright-field and high-resolution phase contrast
lic multilayers are a long-term interest of material physics.Imaging were performed to obtain direct information on the
With continuous downscaling of the devices, the earliest dif-Microstructural development. To achieve also spatially re-
fusion stages deserve particular attention. Very steep comp&olved chemical information, dark-field images were taken
sition gradients establish a situation far from equilibrium, sounder high-angle hollow-cone dark-fiel@CDF) illumina-
that phenomena beyond the near-to-equilibrium physics ofion. In addition, macroscopic measurements by x-ray dif-
Fick’s laws may develop. In early work, this question wasfractometry(XRD), secondary neutral particle spectrometry
addressed by the introduction of nonlinear diffusion(SNMS), and differential scanning calorimetSC) were
equation$? taking into account gradient energy and contri- performed. Since these methods average over a larger speci-
butions of elastic strain to the free energy. More recentlymen volume, they complement the microscopic measure-
Larche and Cahf* discussed the influcence of reaction- ments by an improved statistics.
induced stress in more detail, and Stephensuriudes plas-
tic relaxation in continuum models, which were successfully A. Specimen preparation
applied to the interdiffusion of amorphous Ni/Zr layérs.

The mentioned studies assume that a planar geometry |_s|
preserved during all interdiffusion stages and, furthermore S " . .
vacancy equilibrium is maintained. Our experimental study/©" thin-film deposition. Furthermore, single-crystalline sub-
demonstrates that this assumption may not be justified in thglrates favor a coarse-grained microstructure of the metallic
case of crystalline materials because of the coherency cofilms with two preferred orientation relations across the in- '
straint and microstructure of the metallic films. We investi- terfaces. The substrates were cut by spark erosion, mechani-
gate the interdiffusion of two fcc metals Cu and Au at tem-cally ground, and electrolytically or chemically polished to
peratures that exclude the formation of any intermetallicemove any mechanical damage. In addition, they were
compound. At first, this seems to be a very simple situation¢leaned inside the deposition chamber using a 600 eV Ar
but the reaction turns out to be complex, since these twdeam immediately before coating. The background pressure
metals are distinguished by a substantial lattice mismatchof the chamber was better than 0 mbar. Metallic thin
The microscopic mechanisms of stress relaxation and atomfiims were deposited on water-cooled substrates with a depo-
transport are determined by high-resolution electron microssition rate of 10—20 nm/min. Switching between cleaning
copy (HREM) and Z-contrast electron microscopy of cross and deposition and between different targets was done within
sectional specimens. In order to identify the reasons for thg second to avoid any contamination. With SNMS, no impu-
observed microstructural transformation and to test the relirities were detected at the interfaces, although the method
ability of the applied analysis methods, the results are dizan detect material in the ppm range.
rectly compa(ed,to those obtained at Ag/Au, where no devia- For TEM and SNMS, layer structures were produced
tions from Fick's laws are expected as the mismatch igomprising two to five single layers, each 60-150 nm in
negligible and the mobilities of both species Ag and Au arejckness. Further samples were deposited on glass sub-

very similar strates to eliminate the strong x-ray signal of the metallic
substrates. For DSC measurements, multilayers with 25 and
50 nm single-layer thickness were deposited on glass sub-
Ag/Au and Cu/Au reaction samples were produced by iorstrates coated by a sodium metaphosphateivhich could
beam sputtering. After suitable heat treatments, cross sebe solved in water to obtain unsupported multilayer samples.

To facilitate correct orienting of the specimens for
REM, single-crystalline substrates of Cu or Ag were used

Il. EXPERIMENT
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TABLE |. Model parameter to describe the high-angle scattering
cross section.

Cu Ag Au

N[ nm] b y NM[nm] b vy MN[nm] b y
6.0 58 0.87 5.5 40 0.90 4.8 25 0.91

To protect the thin films during cross sectional prepara-
tion, a further Cu substrate was glued onto the deposited
films and subsequently these packages cut to small disks of
0.5 mm thickness. Heat treatments at the microscopy speci-
mens were performed in this intermediate preparation stage.
Using a salt bath furnace, annealing times of a few seconds
could be realized. The disks were ground to 0.10 mm during
the further preparation steps so that regions of direct contact
to the salt bath were reliably removed. Thinning of the speci-
mens to electron transparency followed established FIG. 1. Cross-sectional image of an Ag/Au multilayer. Five
procedure%by dimple grinding and ion milling. single layers, each 150 nm in thickness, were deposited on a Ag

Thin-film specimens for the SNMS analysis and XRD substrate. The parallel line contrasts originate from lattice twins. In
were always covered by a final Au layer. In addition theyaddition, irradiation defects caused by ion milling are visible as
were wrapped into a thin Au foil before immersing into the black dots. The HCDF image reproduced in the inset was recorded

heated salt bath to prevent surface reactions. at a thick specimen area>20 nm), where Ag appears brighter
than Au. The contrasts of lattice twins and irradiation defects are

remarkably suppressed.

B. Chemical imaging by hollow-cone illumination

In most cases, the interpretation of electron micrographinterface between both metals. In Fig. 1, a cross section of a
in terms of local composition is not possible, since dynami-specimen in the as-prepared state is shown. The lateral size
cal diffraction effects mask the desired mass contrast. Howef the grains exceeds 150 nm. Inside the layers, twins are
ever, the disturbing coherent contrast phenomena are signifieund in high number density, which is explained by the low
cantly suppressed, if a hollow cone illuminatiBits used to  stacking fault energy of 20 mJfnand 40 mJ/rhin Ag and
produce high-angle HCDF images. We demonstrated in preAu, respectively? From the parallel alignment of the coher-
vious work! that under suitable illumination conditions the ent twin boundaries in different layers epitaxial growth, fa-
image contrast of thigZ-contrast method is well approxi- voring a direct transition between both lattices, is quite ob-
mated by an incoherent multiscattering model, so that a localious. Epitaxial growth was further proved by texture
chemical analysis becomes possible by an evaluation of immeasurements showing a very sharp texture of the deposited
age intensities. Provided sufficient specimen quality, the spaayers in agreement with the orientation of the substrate.
tial resolution of the method ranges down to about 1 nm and In the case of Cu/Au, we face a very different situation.
the chemical accuracy to a few at. % if calibration points ofwith about 12%, the lattice mismatch is so pronounced that
known composition are used in the analyzed area. epitaxial growth seems not to be very likely. Nevertheless,

For the chemical analysis in this work, we followed the we do observe a strong texture in the deposited layers, cor-
experimental procedure described previodslfhe neces- responding to the orientation of the Cu substrates. Epitaxial
sary scattering parametexs b, andy defined in that publi- growth in this layer system was also reported previotfsly.
cation are adapted to intensity data of pure Cu, Ag, and AuBy microscopy, we observe a coarse-grained microstructure
Numerical data are given in Table |. Compared to our previsimilar to that of the Ag/Au specimens. Using HREM, two
ous work;! values for Cu and Au are redetermined to im- dominating interface types are identified as presented in Fig.
prove the description over an extended range of scattering. A direct transition with almost no misorientation between
angles. both fcc latticega) and the twin relatior{b). To release the

As the quantitative evaluation of HCDF images is notcoherency stress misfit dislocations are introduced if the
well established yet, we studied at first the interdiffusion oflayer thickness exceeds a certain critical one. As the elastic
Ag/Au films, for which we did not expect deviations from energy of a homogeneously strained volume scales with the
Fick's laws, to confirm the feasibility of the analysis and thensquare of the misfit while that of the misfit dislocation net-

addressed the more complex case of Cu/Au. work scales only linearly, this critical thickness decreases
with increasing lattice mismatch. For a mismatch of 9%, it

L. CHARACTERIZATION rangeds_ alriadmdﬁwn to ?t;]oult one Iatt(ljce cons'_‘t(?mhqs, )

OF THE AS-DEPOSITED STATE regarding the thickness of the layers under consideration, the

density of misfit dislocations should correspond to the natu-
In the case of Ag/Au the lattice mismatch=(any  ral lattice mismatch; i.e., their theoretical spacing amounts to
—aay)/aa, amounts to only 0.2%, which favors a coherentonly 2 nm, so that individual dislocation cores are hardly
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FIG. 3. Lattice coincidence in reciprocal spaa:definition of
the overlap criterion(b) degree of lattice coincidence between Cu
and Au lattices twisted around §011] axis (r=0.2/a,,,R
=4lap,).
identified. For example, the Burgers circuit sketched in mi-
crograph(a) indicates already two addition§l11} layers on  two lattice parameters exactly match the ratio of two small
the Cu side terminated by complete lattice dislocations withintegers. To overcome this difficulty, Pirouz and co-workers
Burgers vectorsa/2(011), but the exact localization of the suggested to measure the agreement between two different
dislocations inside the circuit remains difficult. Beside thesecrystals by the amount of overlap in the reciprocal spice.
dislocations, we usually observe in the céagea slight mis-  sphere of radius is defined around each reciprocal lattice
orientation. Both lattices are rotated to each other by 2°-3Point and the overlapping volumes between the spheres of
around &011) axis. both lattices are added within a restricted region of the re-

In the twin casgb), the structural interface appears to be ciprocal space defined by the radiBgsee Fig. 8a)]. This
broadened to a width of 1 nm. In the micrographs, this widthway, each interface is assigned a certain degree of
remained constant, when specimen areas of different foibverlap—in other words, a certain degree of atomic match-
thickness were imaged. Thus, an artifact caused by a misng. We calculated the overlap for different orientation rela-
alignement of the interface can be ruled out. Two layers otions between Cu and Au, and indeed it is found that1
increased defect density, marked in Figb)2by a pair of and X =3 boundaries are distinguished by the best lattice
dashed lines, appear with a blurred fringe contrast. They armatching as demonstrated in Figbhgfor a twist around the
separated by a zone of more perfect lattice order. Although011] axis.
no individual dislocations can be localized in the micro- Beside the structural characterization of the prepared in-
graph, this observation allows the conclusion that part of theerfaces, also their chemical properties are of interest. The
misfit dislocations glide or climb out of the geometric inter- aforementioned hollow-cone illumination enables a spatially
face plane. When an extended region of the interface isesolved analysis such that both interface types can be char-
evaluated, a periodic variation of the fringe contrast alongacterized independently. Figure 4 shows composition profiles
the interface becomes obvious, indicated by dotted lines inletermined normal to the interfaces. The broader structural
the figure. The oscillation length amounts to 2 nm, in goodwidth of the twin boundary is reflected by a slightly in-
agreement with the theoretical dislocation spacing. This peereased intermixing. However, the difference is only minor.
riodicity allows to consider the observed interphase boundRoughly, the depth of initial solution amounts to 2 nm in
aries similar to high-angle grain boundaries in homogeneouboth cases, which is slightly larger than found by
materials, which consist usually of building units repeatedGladyszewski’ in Cu/Au layer systems or typically found by
periodically along the interface. If the coincidence site latticeatomprobe tomography in similar metallic reaction
(CSL) classification of homophase grain boundaries is geneouplest®~2° Regarding the resolution limit of HCDF imag-
eralized to heterophase boundaries, the observed interfaggg, about 1 nm, and potential misorientation or roughness of
types may be classified &=1 andX =3. the interface, this discrepancy may not be significant.

The geometric definition of the CSL is only useful if the  To understand the interdiffusion reactions presented later,

FIG. 2. HREM of the interface between Cu and Au lay@,
direct lattice transitior®, =1, (b) twin relation> =3.
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two interface types. In both cases, the adjacent lattices have 10 2 11, |
at least one set of densely pacKédl} planes in common. In L ¥
/ . A
the case of Cu/Au, about every eighth of these planes is ol o8B Cu/Au - 430°C |
terminated by a dislocation close to the interface to accom- o 3 4 & & 10 12 1a
modate the difference in the lattice parameters. (annealing time)" [s"?]
IV. MACROSCOPIC ANALYSIS OF INTERDIFFUSION FIG. 6. Variation of peak compositions in the center of the lay-

ers. (@) Ag/Au at 350°C, single-layer thickness 100 nm affl
To obtain an overview on the specimen behavior and taCu/Au at 430°C, single-layer thickness 60 nm.
determine suitable temperatures, the interdiffusion of both

reaction couples was investigated by neutral secondary pagu/Au samples. For that, we plot the change of the peak
ticle spectrometry. Compared to ordinary secondary-iorcompositions determined at the middle of the various layers
mass spectrometry, the sputtered secondary particles are agrsus the annealing time as presented in Fig. 6. Since it is
ditionally ionized by a laser beam. In this way, a reliable probably influenced by the free surface, we disregard the Au
analysis gets possible even for species, for which the ionizapp layer. Dashed lines indicate the behavior expected for
tion probability during sputtering is rather low. volume diffusion according to Fick’s laws.

Isothermal heat treatments were interrupted several times |n the case of Ag/Au annealed at 350fEig. 6a)], the
to perform a depth profiling. As an example, Fig. 5 showspeak compositions change monotonously. At later stages, the
composition profiles, which were obtained during the annealkjnetics corresponds to ordinary volume diffusion. The fast
ing of & Atsp nm/ Clso nm/AUgo nmtriple layer deposited on a mixing in the early stages is explained by grain boundary
Cu single crystal. These measurements are presented and diffusion (dashed ling® Using the local chemical analysis
cussed in detail elsewhetéIn the present context it is suf- provided by HCDF imaging, the boundary effect can be
ficient to study the depth profiles in a very simple mannerseparated by determining composition profiles far from any
working out a remarkable difference between the Ag/Au andyrain boundary. Profiles of this kind, determined normal to
the layer interface, are shown in Fig. 7. From the very be-
ginning, they agree with the solution

1004
7

80 o, 4

60

Co X
c(x,t)= > erfc( ) (1)

2./Dt

of the diffusion equation, as indicated in the figure by solid
lines. If the initial mixing of the as-deposited state is taken
into account by a suitable time shift, a diffusion coefficient
of 8X10 ?°m?/s is determined at 350°C, which agrees very

composition Au [at%]

0 %0 100 150 200 250 300 well with an extrapolation of the available literature data for

depth . . . ..
epth (o] the interdiffusion coefficient:?22324\e do not observe any

FIG. 5. Compositional depth profiles of a Au/Cu/Au/Cu speci- hints at further effects, such as the formation of ordered in-
men obtained by SNMS during annealing at 430°C. Arrows point aterface phases described in previous workhe agreement
the reaction break between 2 and 10 s annealing time. of the result with literature data demonstrates the reliability
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FIG. 7. Microscopic composition profiles determined by HCDF
imaging at the interface between Ag/Au. To reduce the influence of

local fluctuations, the profiles shown here are averaged over six
individual measurements.

of our chemical analysis method; thus we also expect reliable
results in the case of Cu/Au, where the scattering contrast is
even more pronounced.

The data of similar experiments with Cu/Au demonstrate
a very different behavior; see Fig(l8. Again, a fast inter-
diffusion (1) takes place at the beginning, which leads to the
solution of 2—3 at. % Cu inside the Au layers. However, this
first reaction stops already aft@ s of annealing. A further
development(ll) is only noticed after a resting period of  FIG. 9. BF cross section image of a Cu/Au(§) specimen
about 12 s. This way, the Cu/Au data indicate a two-stepfter 5 s annealing at 430°C. Interface types at mak=3, at(B)
reaction mechanism. 3,1. Anucleus of a new grain formed already(@}. The dotted line

Another remarkable behavior of the Cu/Au system is c)b_err?phasizes a small angle grain boundary across the Au_ Ia_yer. Im-
served by x-ray diffractometry. As both components possesgg'ng was performed under two beam condition to optimize the

a very different lattice parameter, the composition of the bj-contrast of structural defects.

nary alloy may be deduced from the diffraction angle of aintermediate maxima, which indicate the formation of re-

iven set of lattice planes. In Fig. 8, x-ray spectra are repro- . . " I e
guced as obtaiFr)1ed duringg the yanﬂealing of P adions of different preferred compositions inside the diffusion

(AUgo i/ Cliso ) Multilayer. Only the angle range con- zone. This result is even more striking considering that the
nm nnvyn .

taining the(111) peaks of Au and Cu is shown. As expected,d!ffUSiorl temperature was chosen significan_tly above the
the reflections of both pure components are found in théughest—order transition to prevent the formation of any or-

as-deposited state. We would expect these reflections t(3ered intermetallic phase. Indeed, the absence of ordered

broaden because of the continuous composition profiles eg)_hases is confirmed by the absence of superlattice reflections

tablished by interdiffusion and finally to meet into a central” the XRD spectra and electron diffraction patterns.

new reflection, corresponding to the completely intermixed

alloy. The experimental spectra, however, develop severaV. MICROSCOPIC ANALYSIS OF THE INTERDIFFUSION
IN CU/AU

50 . . .. . .
The aforementioned experiments indicate that the interdif-

fusion of Cu/Au proceeds in two subsequent reaction steps.
However, only microscopic investigations can prove this hy-
pothesis and reveal the underlying mechanism on the atomic
scale.

s
=}

[+
(=]

n
[=]

intensity [10° cps]

A. Mechanism of the first reaction stage

-
o

In Fig. 9, a Cu/Au reaction couple deposited onto a Cu
substrate is shown aft®& s annealing at 430°C. The chosen
aging time falls well into the regime of the proposed first
26 [degree] Ccu reaction stage. If the annealed specimen is compared to an
as-deposited oneBF and HCDF images of the initial stage

FIG. 8. X-ray spectra of a Cu/Au multilayer obtainedd26  have been published previou&ly platelike defects, appear-
geometry during annealing at 430°QCo Ka radiation: \ ing as needles in the two-dimensioridD) projection, have
=0.1791 nm). developed at the interface, which becomes particular clear at
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ing 430°C/5 s determined by HCDF imaging.

the twin type boundary, where the defects are oriented p
allel to the commor111; plane sefsee interface afA) in
the figurd. The image at the top shows a part of such a
defect zone at increased magnification. The defects are foun |
inside a band along the original interface with a homoge-
neous thickness of 17 nm.

By compositional analysis based on HCDF images, it is
demonstrated that the formation of the observed defects is FIG. 11. (a) phase contrast image of structural defects formed at
indeed related to an intermixing of both components. Data o0& Cu/Au interface $ 5 s annealing at 430°C. The adjacent lattices
the analysis are shown in Fig. 10. The scattering points repare oriented in twin relation. Both lattices are imageddl) zone
resent measurements at different lateral positions along thaxis orientation, defocus chosen close to Scherzer fotus(d)
interface. On the average, however, a well-defined continuseveral details observed along one needlelike structure. Locations
ous profile across the defect band is obtained. The position @ indicated ir(a). A noise filter was applied to improve the repro-
the structural defects relative to the diffusion profile is indi- duction.

cated by dashed lines. Obviously, they are introduced when

the intermixing exceeds about 10 at. % at the Au and the C{re, part of a simulated image showing the best matching to
side as well. the experimental one is inserted.

The atomistic structure of the observed defects is eluci- Towards the Cu side, the needles grow in thickness, which
dated by high-resolution microscopy. Figure(@lshows a means on the atomic scale that further lattice planes are

phase contrast image of a twin-type interface after 5 s heatWitched” into the stacking sequence of the Cu crystal, as

treatment at 430°C. The adjacent lattices appear reflected SfOWn in Fig. 11d). This is achieved by conservative motion

the common (lT)L plane, so that both lattices can be sepa—Of Shockley partials with Burgers vectot§=[112]a/6_or

rated easily as shown by the white line. The needielike deP2=[211]a/6, which are able to glide on the common (311
fects noticed in the conventional bright-field images corre-Plane. Also, further additional lattice planes are inserted by
spond to spikes of Cu lattice orientation growing into the Auth€ described climb mechanism to accommodate the differ-
crystal. This way, the original planar interface becomes ex€nce Of the lattice constants. _ , _
tremely rough. In the case of & =1 boundary, the introduction of addi-
How is this lattice transformation achieved? To answerional lattice planes is observed in the same manner. Their
this question the fringe contrast was analyzed in detail by?@Pit plane is chosen randomly out of the existing four pos-
comparison to electron optical simulations performed withsibilities. However, as in this case no rotation of the lattice is
established simulation softwafé Technical details of this required, the defects show a much weaker-contisest Fig.
procedure are described elsewhEr&he essential results 9) interface at(B). Beside partials, which are necessary to
explaining the reaction mechanism are illustrated by thre€Store the previous stacking sequence at inserted planes,
enlarged details shown in the lower part of Fig. 11. now complete lattice dislocations contribute also to the re-
At the needle’s tip, we notice an inserted densely packedfxation of the misfit stress.
plane, which ends in a Frank-type prismatic dislocation

=[111]a/3, as is demonstrated in Fig. (bl. Because of the
additional lattice plane, the stacking sequence is locally Surprisingly, the described semicoherent reaction shows
transformed into that of the related twin, which is shown inno development with further annealing. We observe the de-
Fig. 11(c). By comparison with simulated HRTEM images of fect band as well as the diffusion profiles between 3 s, the
different structure models, it is proved that the additionalshortest time which could be realized in the experiment, and
plane is bounded by a prismatic dislocation; no further relax415 s with a comparable width, which leads to the conclusion
ation by another Shockley partial, transforming the sessileéhat this first reaction step proceeds very fast initially, but

prismatic dislocation into a glissile one, is found. In the fig-ceases when a reaction layer thickness of 15-20 nm is

B. Mechanism of second reaction stage
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)

Au — < 100 nm

FIG. 12. BF (a), (c) and HCDF (b), (d) images of a Cu/Au FIG_. 13. Cross s_ectio_n images of a Cu/Au(€ua) specimen
reaction couple after annealing at 430°C for@)s (b) and 10 gc),  after different annealing times.

(d). . . . . .
tinuous composition steps at the grain boundaries are likely

. . _to represent the general case rather than the exceptional one.
reached. Instead, a second process dominates the mterdlff_u- (i) The observed second reaction step is not sufficiently

sion process after about 15 s annealing. It is seen t0 be injescriped as diffusion-induced grain boundary migration
tialized already afteS s annealing in the micrograph of Fig. (piGMm). Instead, we observe nucleationréwgrain orien-
9. At the position markedC), a grain of only 30—50 nm size  tations which is particularly obvious inside the Cu substrates,
is observed, which extends somewhat into the Cu lattice anq/here the Sing|e Crysta| is Sp“t into many grains of different
has not developed the needlelike defect structure at itgrientation. Thus, we observe a recrystallization process that
boundary. As grains of this size are not observed in the asjecreases the grain size—as opposed to conventional recrys-
deposited stage, obviously a new grain has nucleated at+gllization; here, an initially single-crystalline or coarse-
triple point, where previously a small-angle grain boundarygrained microstructure is transformed into a nanocrystalline
met the interface. one.
Further stages of this process are shown in Fig. 12, where
BF images(a),(c) are compared to the corresponding HCDF
images(b),(d). Again, chemical transport related to the struc-

tural transformation is detected. In Figs.(a2and 12b), a The presented experimental study vyields clear evidence
new grain nucleated at the interface. Without doubt, the forthat the early interdiffusion of the lattice-mismatched metals
mation of t.he new grain is related to a transport of Au intocy and Au proceeds by two subsequent reaction stages, as
the Cu lattice. sketched in Fig. 14. In the first, semicoherent stéjethe
Figures 12c) and 12d) show a specimen after 10 s an- epitaxial orientation relationship is preserved. Relaxation of
nealing. At this intermediate reaction stage, the newlygiffusion-induced strain and, in the case of the twin-type
formed grains are organized in clusters, heterogeneously digmundary, the required rotation of the lattice is achieved by
tributed along the interface as seen at the right and left sidegimb and glide of dislocations. The second, incoherent reac-
of the figures. Large-angle grain boundaries are found iRjon stage(b) is characterized by nucleation of new grains
high density inside the clusters. Outside, the planar interfacgnd migration of high-angle grain boundaries.
still exists, revealing defect bands formed by the first, semi-
coherent reaction mechanism. Overviews representing larger
interface regions after different annealing times are repro-
duced in Fig. 13. The early interdiffusion stages of Cu/Au  Several features of the planar diffusion zone established
are by no means understood as a planar layer reaction. Thiiring the first reaction stage are quite remarkable. The mea-
becomes particularly clear by the extremely rough interfacesured composition profiles develop symmetrically between
and surfaces induced by heterogeneous nucleation and trarGu and Au, and no Kirkendall voids are observed, although
port during 20 s annealing. bulk diffusion daté predict a higher diffusion rate inside the
Two important aspects of the identified recrystallizationAu layer with Cu being the more mobile species. This may
mechanism must be emphasizéd. In HCDF images like indicate that the vacancy density is far from equilibrium in
those of Fig. 12, discontinuous composition profiles are nothis early reaction stage, which is distinguished by high com-
ticed across the grain boundaries. This becomes particulariyosition gradients and diffusion lengths much smaller than
clear at the positions marked by arrows. Probably, most ofhe typical distance between efficient vacancy sinks.
the other boundaries are not aligned parallel to the optical Furthermore, the profiles vary continuously across the
axis, so that apparently continuous profiles result as an arteomposition range, which is only understood if most of the
fact of image projection. Therefore, we conclude that discondiffusion-induced stress relaxes by the observed structural

VI. DISCUSSION

A. Semicoherent reaction stage
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a) Au Cu solid line (constraineyl in Fig. 10. Because of the pro-
vacancy x vacancy nounced lattice mismatch, an elastically stabilized miscibility
production "X anniilation gap is predicted, extending from 20 to 80 at. % Cu. Similar

discontinuities in the composition profile are also predicted
in the more sophisticated analysis by StephensSae, for
example, the simulated profiles in recent work on interdiffu-
sion of amorphous Ni/Zt.
In contrast, in none of our experimental data do we ob-
Shockley- serve any indication of such a compositional gap. Instead,
partial 7’ the nanoanalysis always yields profiles in agreement with the
conventional thick-film solution of Fick’s laws, as indicated
by the solid line (relaxed in Fig. 10. Obviously, before
b) reaching the elastic solubility limit of 20 at. % on either side
of the profile, misfit dislocations move out of the interface,
thereby reducing the stress efficiently. Based on the nanoana-
lytical data, we determine the critical composition for struc-
tural relaxation to about 10 at. % Cu and Au at the Au-rich
and Cu-rich sides of the diffusion zone, respectivelge the
boundaries of the defect band in Fig.)18or this composi-
tion, a stress of 1.5 GPa is calculated with E2). This value

- (104 5
FIG. 14. Two stages of interdiffusion in Cu/A(e) semicoher- €xceeds the typical shear stresg=(10""-10"°)E of

ent reaction by volume diffusiorib) discontinuous reaction by re- Single-crystalline metalS already by two orders of magni-
crystallization and grain boundary migration. tude, which indicates that stress levels required to induce the

predicted miscibility gap are hardly achieved.
defects. This is clarified by the following quantitative con- ~ Most surprisingly, after a few seconds of annealing, the
sideration: Let us assume for the moment an Au layer that i§émicoherent reaction retards in a way that cannot be ex-
rigidly attached to the Cu substrate, such that no relaxatioflained by ordinary parabolic growth. Either diffusion-
occurs along the lateral directions éndy axes. As a con-  induced stress or a nonequilibrium density of vacancies may
sequence, the chemically induced variation of the lattice pabe made responsible for this behavior. However, according to
rameter is counteracted by a dilatational stféss the presented estimates, the stress is probably not sufficient
to explain such a drastic change of diffusion behavior like a
E complete stop of the reaction. Furthermore, neglecting relax-
Txx= Tyy=7_,, "Ccu (20 ation, which would only decrease the elastic backstress, the
expense of elastic energy scales proportional to the diffusion
which adds the elastic contribution width, as does the gain of chemical energy, so that the exis-
tence of a limiting thickness cannot be understood by elastic
e= iQ 22 &) effects.

11—y 7 e Therefore, the observed retardation is very likely caused
by a decrease of the vacancy density within the first few
seconds of annealing. Further evidence for the important role
of vacancies is seen in the different diffusion widths ob-

to the system’s free energy density. In these equatiéns,
7, and Q) represent Young’s modulus, Poisson’s ratio, the

misfit parametery = (ac,—aau)/aay, and the atomic vol- served at the interface between the single-crystalline sub-

ume of Al, respegt!vely. Thus, th? mterdlffusmn potenual strate and a deposited layer and that between two deposited
af/dc must be modified by an elastic correction, which Iead%ayers as presented in Fig. 10 of a previous publica’ﬁon

to the transport equation Although not directly influenced by grain boundary diffu-

Den(1 26 20 2E sion, the latter diffusion zone is observed to be twice as thick
- Ced1—Ced [ 4 U ICeu as the former one, which is presumably due to an initial

jz >+ 4) ; . : o e T
kT acg, 1-v | oz supersaturation of vacancies or their faster equilibration in-

side the deposited, polycrystalline layers.

Cel(1—ccy) 2Q7°E) dc To explain such a vacancy depletion we considered the

Cu Cu Y Cu - vab ’ ’ )
=-D|1+ KT 11— | 9z (5)  annealing of nonequilibrium vacancies introduced during

film deposition. However, it is doubtful whether the initial
where the second term inside the brackets on the right-hanslipersaturation could be sufficient to yield an apparent reac-
side accounts for the stress effect. The case of a Cu layer t®n stop. Therefore, it is suggested that in addition the semi-
formulated analogously; only the sign of the stress must beoherent diffusion mechanism itself provides an effective
inverted and the material parameters adapted. Integrating Egink, which annihilates vacancies inside the diffusion zone.
(5) with appropriate elastic constafits E,,=0.70  This is justified by the following model calculation.
X 10" N/m?, v,,=0.428, Ec,=1.1x 10" N/m?, and v, As revealed by HREM, climb of prismatic dislocations
=0.356, composition profiles are obtained as shown by th@rovides the dominant plastic relaxation mechanism. Dislo-
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cations which climb towards the Au side generate vacancies; i — D¢\ Cvac D¢Ceu 0

those climbing towards the Cu side annihilate them. If thes , , , ,

two processes are not balanced, a total loss of vacancies maylvac | =| Dol ~DolcuDaCau DauCrac
appear. For the sake of simplicity, we assume a simple cubic, j, 0 D auCau — D pyCuac
lattice with a microstructure similar to that sketched in Fig.

14(a), but the set of common lattice planes aligned normal to Ceu

the interface. Consider the limiting case of complete relax- xi Crac (12)
ation in which the lattice mismatch along theaxis is im- Jz '

mediately accommodated by climb of dislocations. In this Cau

we ex for the numbdrof plan k long th . . .
case, we expect for the numbidrof planes stacked along the and the evolution of the atomic densities

X axis
L dCCu d .
= =——]j (13
MiCed = 1= 7ocy” © dt gz
if the lattice parameter of the alloy follows Vegard's law, a
. . . . dCAu d .
reasonable approximation to the behavior of disordered ——=——jn (14)
CuAu alloys® dt 9z
Remarkably, this relation is by no means linear with re-
spect to the composition, which has an important conse- dCyy a . 7 a . a .
quence to the vacancy balance. Regarding the variation with —qy ~ ~ gzl vact 7 ¢ | Ccug;Jau™Caug; Jeu-
local composition (15)
oM Ly In these equations, capital lette® denote concentrations

() per volume, whereas small lettarsdenote atomic fractions.
The second term on the right-hand side of Eldy), account-

it is obvious that insertion and removal of lattice planes prodNg for vacancy production and annihilation, was derived
ceeds asymmetrically on the Au and Cu sides, respectively. £0m Eq.(11) obeyingcc~Ccu/(Ceyt Cau). The diffusivi-

variation of M within a slab of thickness\z changes the ties D¢ =Dcu/cEd and Dy, =D, /cEd may vary with
number of vacancies by composition, depending on the system under consideration.

In order to limit the computing time, the initial vacancy frac-
tion is chosen tacy=10"°, which is artificially high com-

dICcu - aau(1l- WCCU)Z ,

LAz aM '
dNyae=— 5 dcey, (8)  pared to the experimental value. '
ax(1— 7Ccy)® 9Ccu In Fig. 15, two examples of model calculations are pre-
) _ sented. For the exampl@), Do =Da,=D=const is as-
causing a change of the local vacancy fraction: sumed. At the very beginning of the reactitatomic diffu-
5 sion length 10%w), a vacancy supersaturation is still
_ ax,(1-7nccy)® evolving on the Au side, but subsequently the annihilation of
dCuac= dNvac L2A7 ©) vacancies on the Cu side dominates the reaction, and an

overall vacancy depletion results. In calculati@n), D¢,
an(1— nCey) OM =D(1+100c,,) andD_AuzD(1+ 10cp,) is assumed, whic_h
— ZAu Cad<T dcey (100  resembles the behavior of AuCu expected from bulk diffu-
L dCcy sion data; compared to pure Cu, the bulk diffusion in pure Au
is much faster, and, furthermore, Cu atoms are more mobile
i than Au atoms. In this case, at first a vacancy supersatura-
- 1——77c:CudC°“' 1D fion develops at the Cu side because of the difference in the
atomic mobilities. However, similar to the former example,
If the composition profile develops symmetrically in the the reaction zone is depleted of vacancies in later stages.
sense thatlc/dt|,= —dc/dt|,_., more vacancies are anni- Similar calculations were performed for several other
hilated on the Cu side than produced on the Au side. Tahoices of the relative diffusivities. In all cases the vacancy
determine the behavior also in the case of asymmetric atomidensity is finally controlled by the predominant annihilation
mobilities, we have to solve the diffusion problem inside aon the Cu side.
bilayer specimen of double-layer thickness The outer Certainly, the real situation is more complex than assumed
boundaries are assumed to be impermeable, which corré our simplified model. Vacancy densities deviating from
sponds to a multilayer, where the flux of all species vanish irequilibrium themselves will produce an osmotic climb force
the middle of the layers, as required by the specimen’s symto dislocations? which counteracts the elastic climb force.
metry. Independent site exchanges of Cu-Vac and Au-Va&ventually, the prismatic dislocations follow the interdiffu-
pairs are considered, which results in the ansatz for the pasion with a certain delay, so that our assumption of instanta-
ticle flux, neous and complete stress relaxation is only a crude first
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position x/w FIG. 16. Dominant compositions inside the reaction zone as
derived from the peak intensities of the x-ray spectra in Fig. 8.
b) 25- , .
further supported by the x-ray diffractograms presented in
i Fig. 8. Using Vegard's law to interpret the position of the
g 20 intensity maxima, the preferred compositions of newly
g : formed grains are inferred as shown in Fig. 16. At about 10
@ 1.57 \ . s annealing, a first generation of grains nucleates at both
g 'QJD_VW=4-5*1°\ sides of the interface, having a composition difference of
> 10— ’,‘: — about 20 at. % to the surrounding pure Cu and Au. After
% 3610% " - 14110 further annealing for 30 s, a second generation of grains
S 057 .. forms, showing roughly the same composition difference to
> {7200 e 2.910° their surrounding, comprised of grains of the first generation.
" s Later, the grains of the first generation disappear while those
0.0 0.2 0.4 0.6 0.8 1.0 of the second generation continuously equalize their compo-

sition to merge finally to the average composition of the
specimen. It should be pointed out that the number and the
FIG. 15. Model calculation of vacancy density during the semi-absolute values of the observed compositions 20, 43, 69, and
coherent reaction stage. The reaction time is characterized by tH82 at. % Au are incompatible with the ordered compounds
diffusion length of the atomic transpoit: denotes the thickness of known in the system at lower temperatures. This reveals that
the sample; the interface is locatedzatw/2. The initial vacancy the described behavior is controlled by kinetic rather than
fractioncy was chosen to IC. (a) Equal mobility of the species in thermodynamic factors.
both phasegb) faster diffusion inside the Au layer, with Cu being Regarding the considerable chemical driving force pro-
the more mobile element. vided by the chemically abrupt interface, a nucleation pro-
cess with a clear incubation period and heterogeneous nucle-
approximation. In addition, other neutral vacancy sinks oration sites is surprising. By calorimetry, the mixing enthalpy
sources, like glissile edge dislocations or grain boundariesf equal amounts of Cu and Au is determined to 5.3 kJ/mol.
are neglected, and the initial vacancy density is overestiHence, assuming a regular solution, the chemical driving
mated. But despite these limitations, at least the existence dérce to form the observed grains with a composition of 20
a significant driving force for vacancy annihilation, inducedat. % is estimated td,=7.4x10"° kJ/n?. If a specific
by the coherency constraint, can be inferred. In this way, thénterface energy ofy=600 mJ/m is assumed, a typical
calculations support the hypothesis that the reaction stop igalue of large-angle grain boundaries in Cu, the diameter of
caused by vacancy depletion. In consequence, the reactionasnucleus is predicted to
not directly affected by the induced stress but indirectly by
the stress-induced nonequilibrium of point defects. 4o

d=f—:3 nm. (16)

position z/w

B. Incoherent reaction stage

As the coherent reaction slows down after very short anThis value is indeed too small to explain the observed het-
nealing, an effective reduction of the system’s free energy i®rogeneous nucleation and the average grain size of the ob-
only possible by a second mechanism. New grains are nucleerved grains in the recrystallized regions. However, by anal-
ated at the interface, introducing high-angle grain boundogy to DIGM, where the question of the appropriate driving
aries, which allow to restore the vacancy equilibrium and toforce was already addressed by careful experinénitsis
relax induced stress. As concluded from HCDF images, thsuggested that not the total gain of chemical energy, but only
previously continuous diffusion zone splits into homoge-the contribution of the strain field and structural defects may
neous regions of different composition. This interpretation ishe considered to drive the microstructural transformation.

245418-10



INTERDIFFUSION AND REACTION OF METALS: THE . .. PHYSICAL REVIEW B 64 245418

3.0 . . :
) ¢4 257

C2- 2.07
v
stressed 1.5

1.0

Cr] " relaxed 0.5

heat flux [mJ/°C]

0.0

T T
-d 0 d z -0.51 first heating—"

b) &
\ . 1.0 - - -
- . interface 100 200 300 400 500

temperature [°C]

FIG. 18. DSC measurement of the reaction of a Au/Cu
multilayer (50-nm single-layer width First heating is shown by
solid lines, second heating by dashed lines. The shift of the exother-
mic peak(a) with heating rate is emphasized by a dotted line.

z has been neglected. Relaxation would reduce the quadradic
FIG. 17. Schematic composition profile through the diffusion composition dependence of the stored energy FO a linear one,
zone(a) and stored energy of the stressed cése as soon ag\ ¢ exceeds the observed elastic limit of about 10

at. %; see the dotted line in Fig. ®f. Thus, as indicated by

In this case, the size of a nucleus may be estimated bghe area bel_ow the energy curve in the figure, the total driv-
comparing(i) a stressed rectangular volurdecdx 2d con- N9 force might be decreased to one-half. Consequently, a
taining a continuous composition variation of diffusion NUCleus size of a few tens of nm is quite realistic and in
length 2 with (ii) two relaxed grains at both sides of the agreement tp the early gralns.observed in the micrographs
interface with a different but homogeneous composition: se&S€€: 9., Fig. 9 Furthermore, it makes clear that the onset
the schematic composition profiles in Fig.(a7 To avoid qf the s_econd reactlon_step is only possible after_a_n incuba-
complex geometric factors, we assume a linear compositioHOn Period of 10's, during which the necessary driving force
profile and cubic grains of edge sideThe elastic energy in 'S Puilt up by interdiffusion throughout a depth of 15-20 nm.
case(i) is determined by By the nucleation of grains, mobile high-angle grain

boundaries are introduced into the formerly epitaxial con-

5 , (@ ) figuration. This is reflected by very fast reaction rates and
Eetast=2d"7— 7 f Ac(z)%dz (170 low activation energies seen by calorimetry. In Fig. 18, ther-
0 mograms of the reaction are presented, obtained with several
2 different heating rates. During the first heating of freshly
E dl z . . e . .
=2d2 ,72f Zl1=-Z2) dz (18) prepared specimens, the interdiffusion gives rise to the exo-
1-v7 Jo4 d thermic heat marked byA). The endothermic peakB),

which becomes particularly clear during a second heating of
d® E 5 the already mixed samples, is due to disordering above the
"6 1-,7 (19 order transition temperature. The mixing pga&k shifts to-
wards higher temperatures with increasing heating rate,
which allows one to determine the activation energy of the
reaction using the method of KissingérA value of E_
=1.18 eV is found? which is significantly smaller than the

where we made use of E¢B). This has to be compared to
the energy of the grain boundaries in céisg

— 1942
Ecp=120%. (20 _5"ev determined for volume diffusion in massive Cu or
Thus, the nucleus size is determined by Au,*>3 but closer to the 0.87 and 1.09 eV measured for
grain boundary diffusion in both metals3®
d , 1 E .\ Obviously, beside the relaxation of stress and vacancy
ad 12d%y— 61—2" d*]=0, (21 density, the grain boundaries provide transport paths along

which Cu and Au can intermix quickly. A complete transfor-

which yields mation of the volume is achieved by the migration of these
boundariegDIGM), so that the boundary mobility becomes

Y(1=v) the dominating factor to control the kinetics. Regarding this

8 Eq? boundary migration mechanism, the second interdiffusion

stage develops quite similarly to the intermixing observed in

Inserting average material constangs-0.6 J/nf, E=0.9  nanocrystalline Pb/AgPd layetRef. 39 and Ag/Pd layers

X 10" N/m?, and »=0.39, the size of a critical grain is (Refs. 40 and 41 where grain boundaries existed from the

predicted to~15 nm. In this calculation, plastic relaxation beginning. However, in our epitaxial specimens the reaction

d=4 (22)
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requires an additional important step, which consists of proand AH,4.=13.6 J/g(see also data by Sundmanal’*).
ducing the necessary transport paths to accelerate the kinethus, the dominating driving force to the reaction is due to
ics. This has an important consequence to the design of difnixing, while the lattice order provides only a minor contri-
fusion barriers, where it is an accepted rule to avoid grairbution. Furthermore, comparing the mixing and disordering
boundaries. In the case of lattice-mismatched systems thiseaks of first heating with 80°C/min, it is seen that at the end
may not be sufficient. of the heating run intermixing is almost completed, whereas
It is remarkable that already in 1983 den Broedeel**  ordering is significantly suppressed. Obviously, instead of
compared the interdiffusion in the reactive systems Cu/Albeing concomitant, mixing and ordering are subsequent pro-
and Au/Al, where the respective lattice mismatch is quitecesses, where the major gain of free energy is already
similar to that of the Cu/Au and Ag/Au studied here. They achieved by the first mixing reaction. Thus, it is not surpris-
noticed migration of grain boundaries only in Cu/Al, but ing that a very similar structural transformation is observed
could not work out a clear reason for the difference betweembove and below the ordering transition temperature.
both systems. From the present study, it is suggested that the Ty and Berr{® studied the interreaction of Cu/Au thin
lattice mismatch between the reacting materials is the impofilms by x-ray diffractometry and Bordéfsby Rutherford
tant factor. backscattering. Both experimental techniques do not provide
It was already pointed out that the preferred compositionsateral information on the required scale of 10-100 nm. Fur-
observed in the reaction zone are not stabilized thermodythermore, the existence of ordered reaction products was not
namically but result from kinetics. It seems clear that theexplicitly proved e.g., by superlattice reflections, but only
composition inside the newly formed grains is determined byeoncluded from the composition of the reaction zone. Owing
the balance between the grain boundary migration velocityo insufficient lateral information, both studies could only
and the transport of atoms through the grain bountfary. assume the formation of planar product layers. Our micro-
However, it is striking that the composition difference be-scopic investigation, however, demonstrates that this as-
tween the pure materials and grains of first generation on theumption is not valid. As the RBS analysis of Borders aver-
one hand and that between grains of first and second genergged laterally on regions of different reaction progress, he
tions on the other hand are almost identical, although in th@bserved a continuous transition instead of different plateaus
latter case the grain boundary diffusion should be alreadyh composition profiles normal to the interface. From reflec-
significantly slowed down since part of the driving force is tion intensities in their x-ray spectra Tu and Berry derived a
already released. The close correspondence between thgaction kinetics linear in time, which they claim to be
composition difference and the elastic solubility limit of caused by a kinetic barrier at the interface between ordered
about 20 at. % predicted by E¢p) suggests that these two and disordered phases. Beside the limitation that their data
phenomena are somehow related, but no clear relation coulghalysis relies on a persistent layer geometry, our results
be worked out yet. demonstrate that the overwhelming part of the intermixing
reaction proceeds without ordering. Thus, deviation from
parabolic growth must be explained by the required nucle-
ation, grain boundary transport and migration, and the very
Besides the DSC measurements, all data presented so fawmplicated morphology of the reaction zone. As these fac-
refer to the interdiffusion of Cu and Au at temperatures thators are effective above the order transition temperature as
exclude the formation of ordered compounds. However, thavell as below, no dramatic change in the mixing kinetics is
two-stage reaction mechanism identified here is also effecseen between these two temperature regimes, in contradic-
tive at lower temperatures, where the ordered compoundson to the assumption of Tu and Berry.
CuzAu, CuAu, and CuAy may form. Studying the isother-
mal reactions at 230°C and 350°C by TEM and XRD, we
observe a similar microstructural development, characterized
by the initial planar defect zone and the “inverse” recrystal- The atomistic mechanisms of interdiffusion in metallic
lization mechanism?® Remarkably, the maximum width of thin films have been investigated by microscopic structural
the defect zone developed at 230°C amounts to 15 nm, aknd chemical analysis. Comparing the results of lattice-
most identical to the width determined at 430°C, which con-matched Au/Ag and lattice-mismatched Au/Cu, the study has
firms the existence of a maximum diffusion length in the firstfocused on the influence and relaxation of reaction induced
reaction step. Only the time scale must be adjusted to thmisfit. In the case of Cu and Au, distinguished by a large
reduced atomic mobility. The incubation period of the sec-lattice mismatch of 12%, the early interdiffusion stages de-
ond reaction step is determinedtol min and>220 min  velop in a more complex fashion than expected from Fick's
at 350°C and 230°C, respectively. Thus, the influence of théaws.
phase formation on the mixing kinetics seems to be negli- (i) In spite of the considerable mismatch, epitaxial growth
gible. is observed in sputter-deposited Cu and Au layers. Two pre-
This behavior can be elucidated by the thermograms iderred orientation relations dominate, corresponding @ a
Fig. 18. The exothermic peak A is related to mixing and the=1 andX = 3 orientation relationship for homophase bound-
endothermic peak B to disordering. Comparing the peak araries.
eas, it is quite obvious that the ordering enthalpy amounts to (ii) At these two interface types, interdiffusion proceeds in
at most one-third of the mixing enthalpgyH,,=40.4 J/lg two subsequent steps. During the first, semicoherent reaction

C. Consequences to the formation of ordered compounds

VII. CONCLUSIONS
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stage, the relaxation of mismatch stress and the required ladf the nucleated grains and the necessary incubation time can
tice rotation is achieved by climb and glide of dislocations.be modeled by considering simply the elastic contribution to
The reaction stops after reaching a temperature-independethfe free energy as the driving force for microstructural trans-
diffusion length of about 17 nm. It is suggested that this stofformations.

is due to a vacancy depletion caused by dislocation climb (jv) Owing to the low ordering enthalpies of the com-
inside the reaction zone. The onset of the second, incohereﬁbunds in AuCu, the interdiffusion is hardly influenced by
stage is found after a temperature-dependent incubation pgre formation of ordered compounds. Above and below the

riod_.“ ] ] o critical temperatures for ordering, identical microstructural
(iii ) During the second reaction stage, recrystallization ofnechanisms are identified.

the reaction zone takes place. Instead of continuous diffusion
profiles, discontinuous composition steps at the boundaries
and preferred compositions inside the grains are observed.
The atomic transport proceeds by grain boundary diffusion
and migration. Because of heterogeneous nucleation and Financial support by the Deutsche Forschungsgemein-
transport, the initial planar geometry is destroyed. The sizeschaft(SCHM 1182/1-2 is gratefully acknowledged.
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