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Role of defects in metal mediated crystallization in Ma-Ge multilayers
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Metal-catalyzed crystallization of amorphous germaniuarGe) is investigated to provide experimental
evidence that this phenomenon is a defect mediated process. Positron lifetime measurements are carried out on
as-grown and annealed AlGe multilayers, to unambiguously identify the type of defects. Substantial positron
trapping occurs at interfacial voids in the as-grown specimens. Annealing at temperatures of 450—-533 K results
in rapid interdiffusion of the layers, leading to the formation of crystalline precipitates of Ge in the Al matrix.

We provide direct evidence that the rapid transport and growth of crystalline Ge precipitates is aided by the
transport of defects. These defects are identified to be two/three vacancy clusters. The broader implications of
these results to microstructure and phase evolution in thin film multilayers is indicated.
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Low-dimensional systems such as thin films and multilay- In order to understand the intriguing phenomenon of
ers usually have quenched-in defect concentrations far in eMMC, several workers have carried out careful electron mi-
cess of the bulk equilibrium values. The presence of a supegroscopy investigations. It has been found that annealing of
saturation of point defects along with extended defects such-GelAl, Au, Ag) films results in the rapid diffusion of Ge
as nanocrystalline grain boundaries drastically alter materichto the metal layer, leading to the formation of fractal-like
properties such as the melting point, solid solubility limits, precipitates of Geln-situ transmission electron microscopy
etc. As a direct consequence, controlled heat treatment frénvestigation§'° on the growth of Ge precipitates indicate
quently results in the production of metastable phases ndhat the observed growth rates are too rapid to be explained
accessible through bulk material processing routes. Thus, uen the basis of the diffusion rate of GRef. 13 alone. Based
like in bulk systems, defects are not peripheral to issues resn this observation, Konnet al° have conjectured that the
lated to phase formation and microstructural evolution buigrowth of Ge precipitates in the metal layer is aided by a
play an extremely crucial but ill-understood role. Artificially counter flux of vacancies. Though these studies have sug-
engineered thin film multilayers are far-from-equilibrium gested that defects are possibly implicated in these processes,
structures, which are inherently unstable under thermal pem detailed understanding and direct experimental evidence is
turbations. It is well established, that the phase formatiorpresently lacking. Positron annihilation spectroscopy is a
sequence in annealed multilayers is governed as much byell established technique for probing open volume defécts
kinetics as by thermodynamiésThe substantial role played and is hence ideally suited to address these issues. Positron
by defects in this interplay between thermodynamics and kibased techniques have also been effectively used for charac-
netics was spectacularly demonstrated in the phenomenon tefrizing early stages of precipitation in Al based alloy°
solid state amorphization, wherein an amorphous phask an earlier positron annihilation Doppler broadening study
forms under low-temperature heat treatment of transitioron the precipitation of Ge from dilute alloys of Al-Ge, Mu-
metal multilayer$. The formation of such a patently unstable rukami et al'® have proposed a similar vacancy mechanism
phase is known to occur only in the presence of defécts.for the transport of Ge. More recently one oflisas carried
Other examples on the influence of defects, now gaining recout secondary ion mass spectromé&®yMS) and low energy
ognition, are in the areas of defect mediated subcritical flucpositron beam measuremeritsEPB) on Al/a-Ge bilayers.
tuations during the formation of semiconductor islghdsd  These studies demonstrated that the diffusion of Ge into the
in metal catalysed crystallization of amorphous semiconductAl layer is accompanied by a sharp increase in the defect
ing films > In the latter phenomenon, the crystallization tem-sensitiveS parameter at the interfacial region and provided
perature of amorphous semiconductors, in intimate contaqirima facie evidence that vacancylike defects are implicated
with fcc metals, is drastically reduced. This phenomenon ish MMC. However, the analysis of Doppler broadened line
the inherent source of thermal instability of devices based oshape parameters reported in these studies were of a qualita-
such structured:1° Early studies on amorphous Si showed tive nature only.
that the presence of metal contacts dramatically lowers the The present work reports positron annihilation based in-
crystallization temperature of &iThis phenomenon, referred vestigations on MMC in Al-Ge multilayers. This work has
to as metal-mediated or metal-catalyzed crystallizatiorbeen carried out in order to understand the role played by
(MMC), has been extensively studied in Ge/metal and Siflefects in the microstructural evolution of the system. We
metal system3-1°While these studies emphasized the detri-provide conclusive evidence on the nature and source of de-
mental effect of MMC, Funatet al!! exploited this very fects involved in the MMC of Ge in Al/Ge multilayers. For
effect to successfully wafer-bond GaN with Si. In yet anotherthese investigations, we have grown a 150 layer specimen
offshoot of MMC, Nastet al'? produced high quality poly- with alternating layers of Al and Ge with a overall thickness
crystalline silicon layers on glass substrate from amorphousf 30 xm and identified the type of defect and the nature of
Si/Al bilayers. its evolution under heat treatment. Based on these measure-
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045 N . A/Ge/Si tively,.which are close to that of bulk Si. F_urther, these val-
[ A AISI ues did not change much even when the films were annealed
a0 L * Gersi at 673 K for 2 h. This observation can be understood by
I . | considering the range of positrons in these samples. The
’g 235 b \ | rangeR can be computed using the expression
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I .« x wherep is the density of sample arif,,,x is the maximum
220 rmmmsm Al 1 positron energy corresponding to the positron soufetd
[ T ] keV for ?Na). The mean range of positrons in Al and Ge are
215 L . ] L ] 1 L . .
300 400 500 600 700 estimated to be 90 and 46m, respectively. For 3@m

thick films, ~30 and 50 % of positrons are expected to probe
Al and Ge films, respectively. Hence, in the absence of any
FIG. 1. Variation of mean lifetimér) as a function of annealing defects, the mean lifetime in Al/Si should be203 ps and
temperature for Al single layer film, Ge single layer film, and Al/Ge that of Ge/Si will be~225 ps. The higher mean lifetime for
multilayer film on Si. Lines are meant to guide the eye. Al/Si sample than the expected value of 203 ps indicates that
there are defects in as deposited sample. However, only one
ments and complimentary data on intermixing and precipitalifetime component could be resolved in single layered Al/Si
tion drawn from our earlier study, we propose that theand Ge/Si samples. This may be due to the lifetime ratio of
growth of Ge precipitates is aided by vacancylike defectdilm and substrate being 1.5, which is the resolving limit of
which are supplied by quenched-in interfacial voids presenthe positron techniqd@ and the defect concentration being
in the as-grown specimen. smaller than the detectable limit. The slight reduction seen in
Multilayer thin films of Al/a-Ge were deposited by elec- mean lifetime for Al/Si sample with annealing temperature
tron beam evaporation at a vacuum ok 30"’ mbar. The indicates that defects are indeed annealing out. As the frac-
deposition and annealing chambers were preheated and désn of positrons probing the single interface is negligible
gassed before use. Prior to the actual deposition of the spediue to the mean positron diffusion length of few hundred
mens, Ti was deposited on the chamber walls to act as manometeré’ very little trapping is expected from the film/
getter material. Suitable precautions were also taken to minisubstrate interface. These facts indicate, that most of the pos-
mize oxide contamination during the vacuum annealing oftrons are getting annihilated in the bulk, comprising of film
samples. Hundred and fifty layers, alternately of280 nn)  and substrate. This however is not the case for the multilayer
and G&200 nm), were deposited on a $111) substrate at specimen of an identical nominal thickness. As seen from
room temperature with an overall thickness of 3. Pure, Fig. 1, The mean lifetime for as-deposited multilayer film is
single layer films of Al and Ge, each having a thickness 0245 ps. It decreases with annealing temperature and a shoul-
30 um were also deposited on 8i11) under identical con- der is seen around 523 K. Interestingly the mean lifetime
ditions. In all the cases, the film thicknesses were measuredoes not reach the bulklike value even at the last annealing
in situ with a quartz microbalance, which had been cali-step of 673 K.
brated, against a surface profilometBEKTAK 3030). Pos- In order to have a better understanding of these results,
itron lifetime measurements were carried out on as-depositelifetime spectra corresponding to AGe multilayer film
specimens and after sequentially annealing these films for @ere analyzed for multiple components. A good fit could be
h each at different temperatures viz. 443, 523, 573, and 66@btained with no more than two lifetime components. Inclu-
K. The time resolution of the lifetime spectrometer used insion of an additional component always resulted in unphysi-
these measurements is 225 (B8VHM). Experimental data cal values. Figure 2 shows the variation of resolved lifetime
were analyzed for multiple lifetime components usingcomponents;, 7,, andl,. The resolved intensity; corre-
POSITRONFITand RESOLUTION programs:® sponding tor, is not shown, sincé;=(100—1,). For the as
Multilayer thin film specimens withN layers haveN in-  grown multilayer, ther; component is 218 ps which arises
ternal interfaces including the one between the substrate arftbm the bulk state of both the multilayer film and the Si
the film. These internal surfaces are potential sources of desubstrate. Ther, component has a value of 416 ps. This
fects and hence we expect the positron annihilation charasralue is much larger than the bulk lifetime for 4166 ps,?
teristics of the multilayer film to be different from that of the Ge (230 p3,%? and that of the Si substrai@18 p3. The
single layer films of the same nominal thickness. In order tantensity of this component is 14%, indicating that a sizable
investigate these differences, positron lifetime measuremenfsaction of the positrons is getting annihilated in the
were carried out offi) the bare Si substratéj) single layer  multilayer film. Since very little positron trapping occurs in
film of Al (30 um) on Si, (ii) single layer film of Ge the single layer specimens, we conclude thattheompo-
(30 um) on Si, andiv) Al/a-Ge multilayers on Si. Figure 1 nent arises due to positron trapping at the large number in-
shows the variation of mean positron lifetime as a functionternal Al/Ge interfaces present in the multilayer film. This
of annealing temperature for single and multilayer films. Thelifetime component is fairly close to that obtained for micro-
lifetime for the Al and Ge films were 220 and 221 ps, respecvoids composed of large vacancy clusters in(Ref. 21 or
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VT arises from interfacial voids present at the incoherent inter-
1 faces between the Al and Ge laye(s.) The lifetime com-
® 30f l/l 4 ponentr; (218 p3, is slightly smaller tharr, of single layer
T l l | films with Si substratg221 pg. Such a reduction inr, is
20| / i expected in a two state trapping model wheris associated
4 with defects andr, to the bulk component, and trapping

— 0 - rate. Thus, it is clear that the lifetime components are cor-
440 T rectly assigned. In an earlier report on depth resolved inves-
400 l‘\‘\% ] tigations of Al/Ge bilayers! it was shown that the normal-

- ized Sparameter peaks at the interface region, clearly
seor \ indicating the presence of localized defects. However, it
320 L } 'S should be noticed that the nature of defect cannot be conclu-

. sively identified by mereSparameter results. Earlier inves-
— tigations on Si/Ge/Si trilayét and W/Si(Ref. 24 interfaces,

— ] using depth resolved positron beam technique, indicate that a
}\%\ ] substantial positron trapping occurs at the interface region.

1, (ps)

280 H
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| ] Apart from the enhanced defect concentrations, a positive

200 L %\ 4 charge state of defects in Ge as well internal electric field at
} the interfac&* would be reasons for the substantial field-

L ! ! L induced drift and subsequent trapping of positrons at interfa-
300 400 500 600 700 cial defects. Thus, it is not surprising that unlike the case of
ANNEALING TEMPERATURE (K) the single layer films, a significant fraction of positrons are
trapped at interfacial defects which are identified to be voids
in the present study.

The evolution of defects along with interdiffusion of Al
and Ge during annealing is clearly seen from Fig. 2. The
Ge?2 This observation, coupled with the fact that there islarger component,, is seen to have decreased from 416 to
negligible positron trapping in the single layer films, leads us386 ps upon 443 K annealing for 2 h. Calculated lifetime
to ascribe the 416 ps component to voids present at each w#lues for 6 and 13 vacancy clusters in Al are 351 and 422
the interfaces between the Al/Ge layers. This is understands, respectively: Hence, the fall int, value indicates that
able as there are 150 interfaces including the substrateffilimterfacial voids are shrinking in size by emitting vacancies.
interface. The assertion that the 416 ps component comdsompositional depth profiling on Al/Ge bilayers using
from interfacial voids is further justified by the following SIMS' indicates the onset of interdiffusion between the lay-
considerations: (i) Assuming a mean density for the ers atthis stage of heat treatment. Interfacial mixing is, how-
multilayer film to be~4 g/cn?, the rangeR of positron is ~ ever, only marginal. There is, however, a substantial rear-
calculated using Eq(1) to be 60um, whereas the overall rangement in the vicinity of the interface due to localized
multilayer thickness is only 3g.m. Hence, in the absence of transport of atoms. Such a mobility of the atoms appears to
defects at interfaces, very little positron trapping would oc-Pe accompanied by the emission of vacancies from the inter-
cur and positrons would see only the bulk states of the filnfacial voids. These vacancies are presumably annihilated at
and substrate(ii) Since the typical diffusion length of posi- local sinks and as a result we see a reduction in void size
trons is of the order of a few hundred nanometers in defectith only a marginal increase in vacancy concentration. This
free material$® most of the positron stopped within the interpretation is consistent with the observed reductiom,in
30 wm thick multilayer has a high probability of sampling accompanied by only a small change jn The trends inry,
all the interfaces as each layer thickness is only 200(im. 72, andl; is similar after the next stage of anneal at 523 K as
It may be emphasized that the underlying microstructurevell. The 368 component, observed at this temperature, is
cannot give rise to the observed differences in the positrolso fairly close to that for six-vacancy clusters. Once again
annihilation characteristics between the thick single layetve find a small increase irp. The next stage of annealing at
films and the multilayer specimen. It is well known that crys- 573 K, however, results in interesting changes. At this point,
talline Ge films can be grown only by high temperaturewe see a marked change in the behaviorpf 75, andl..
deposition. Thus, Ge films deposited at room temperature ar€he lifetime components, and 7, fall off abruptly at this
amorphous irrespective of thickneéSsAluminum films de-  stage. It is found that, drops from 368 to 312 ps ang
posited at room temperature are nanocrystalline with the avincreases from 17 to 28 %. The defect component is consis-
erage grain size being more or less constant for films thicketent with known values of di/trivacany clusters in AISIMS
than 100 nm. Thus, we believe that the differences betweedlepth profile$” on Al/Ge bilayers show that there is a com-
the single layer and multilayer specimens cannot be attribplete intermixing in the sample following this annealing
uted to the microstructure. The absence of the large lifetimstage. For the purpose of carrying out transmission electron
component in the single layer films clearly rules out the posimicroscopic(TEM) studies, we have specially prepared Al/
sibility of voids being present in the bulklike regions of the a-Ge bilayer specimens of 50 nm / 50 nm thickness. This
multilayers. This would imply that the 416 ps componentdimension is chosen for the purpose of electron transparency.

1, (ps)

FIG. 2. Variation of resolved lifetime components as a function
of annealing temperature for Al/Ge multilayer film on Si. Lines are
meant to guide the eye.
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cipitates in A[50 nm / a-Ge (50 nm) bilayer film annealed at 500

K for 30 min. The image is representative of precipitates undergo- FIG. 4. Variation of total trapping rate, estimated using resolved
ing rapid defect mediated growth. lifetime components as a function of annealing temperature for
Al/Ge multilayer film on Si. Lines are meant to guide the eye.

Figure 3 shows a typical TEM bright field image of fractal-

like Ge precipitates in bilayer film annealed at 500 K for 30 From their Doppler broadening studies, it was argued that Ge
min. Since the morphology of precipitates is fairly indepen-atoms decorate vacancy clusters in such precipitates. All
dent of thickness, this image is representative of precipitatehese observations are consistent with and strengthen the ex-
undergoing rapid defect mediated growth. Thus, it is seeferimental results obtained in the present work. The changes
that interdiffusion is accompanied by huge increase in thgyccurring after the final stage of annealing at 673 K are only
concentration of such vacancy clusters which accelerates tha, ginal. These changes in annihilation characteristics are
growth of fractal-like precipitates. This observation is alsocqngistent with an observation of a complete precipitation of
borne out clearly by the huge increase in the trapping ratgse from the matrix’ Hence, our present results have pro-
computed from the two state trapping model, as shown iRjigeq experimental evidence for the predominant role of va-
Fig. 4. It should be noted at this stage that there is no signgsancylike defects in metal mediated crystallization. As in the
ture of the interfacial void t_hat was present prior to the an-g5e of Al-Ge, the equilibrium phase diagram of most MMC
neal. Thus, the process of interdiffusion not only smears ou, stems are simple eutectic with extremely poor mutual solid
the interfaces but also results in the breaking up of the voidg g pilities of the components and hence we expect that the

into a large number of small vacancy c_Iusters. This_sequenc&mdusions drawn from the present study would be of a
of events appears to be the only plausible explanation, Wh'CBeneric validity.

is consistent with the observed reductionrinaccompanied

by a large increase ih,. Murukami et al!® have proposed The authors acknowledge Dr. G. Amarendra, Dr. C. S.
that a single vacancy could mediate the exchange of one @undar, Dr. B. Viswanathan, and Dr. G. Ananthakrishna for
more Ge atoms during their precipitation from a dilute alloy.their critical comments and for many useful discussions.
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