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Role of defects in metal mediated crystallization in AlÕa-Ge multilayers
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Metal-catalyzed crystallization of amorphous germanium (a-Ge! 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 Al/a-Ge 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 multila
ers usually have quenched-in defect concentrations far in
cess of the bulk equilibrium values. The presence of a su
saturation of point defects along with extended defects s
as nanocrystalline grain boundaries drastically alter mate
properties such as the melting point, solid solubility limi
etc. As a direct consequence, controlled heat treatment
quently results in the production of metastable phases
accessible through bulk material processing routes. Thus
like in bulk systems, defects are not peripheral to issues
lated to phase formation and microstructural evolution
play an extremely crucial but ill-understood role. Artificial
engineered thin film multilayers are far-from-equilibriu
structures, which are inherently unstable under thermal
turbations. It is well established, that the phase format
sequence in annealed multilayers is governed as much
kinetics as by thermodynamics.1 The substantial role playe
by defects in this interplay between thermodynamics and
netics was spectacularly demonstrated in the phenomeno
solid state amorphization, wherein an amorphous ph
forms under low-temperature heat treatment of transit
metal multilayers.2 The formation of such a patently unstab
phase is known to occur only in the presence of defec3

Other examples on the influence of defects, now gaining
ognition, are in the areas of defect mediated subcritical fl
tuations during the formation of semiconductor islands4 and
in metal catalysed crystallization of amorphous semicond
ing films.5 In the latter phenomenon, the crystallization te
perature of amorphous semiconductors, in intimate con
with fcc metals, is drastically reduced. This phenomenon
the inherent source of thermal instability of devices based
such structures.5–10 Early studies on amorphous Si show
that the presence of metal contacts dramatically lowers
crystallization temperature of Si.6 This phenomenon, referre
to as metal-mediated or metal-catalyzed crystallizat
~MMC!, has been extensively studied in Ge/metal and
metal systems.5–10 While these studies emphasized the de
mental effect of MMC, Funatoet al.11 exploited this very
effect to successfully wafer-bond GaN with Si. In yet anoth
offshoot of MMC, Nastet al.12 produced high quality poly-
crystalline silicon layers on glass substrate from amorph
Si/Al bilayers.
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In order to understand the intriguing phenomenon
MMC, several workers have carried out careful electron m
croscopy investigations. It has been found that annealing
a-Ge/~Al, Au, Ag! films results in the rapid diffusion of Ge
into the metal layer, leading to the formation of fractal-lik
precipitates of Ge.In-situ transmission electron microscop
investigations7,10 on the growth of Ge precipitates indica
that the observed growth rates are too rapid to be expla
on the basis of the diffusion rate of Ge~Ref. 13! alone. Based
on this observation, Konnoet al.10 have conjectured that th
growth of Ge precipitates in the metal layer is aided by
counter flux of vacancies. Though these studies have s
gested that defects are possibly implicated in these proce
a detailed understanding and direct experimental evidenc
presently lacking. Positron annihilation spectroscopy is
well established technique for probing open volume defec14

and is hence ideally suited to address these issues. Pos
based techniques have also been effectively used for cha
terizing early stages of precipitation in Al based alloys.15,16

In an earlier positron annihilation Doppler broadening stu
on the precipitation of Ge from dilute alloys of Al-Ge, Mu
rukami et al.16 have proposed a similar vacancy mechani
for the transport of Ge. More recently one of us17 has carried
out secondary ion mass spectrometry~SIMS! and low energy
positron beam measurements~LEPB! on Al/a-Ge bilayers.
These studies demonstrated that the diffusion of Ge into
Al layer is accompanied by a sharp increase in the de
sensitiveS parameter at the interfacial region and provid
prima facie evidence that vacancylike defects are implica
in MMC. However, the analysis of Doppler broadened li
shape parameters reported in these studies were of a qu
tive nature only.

The present work reports positron annihilation based
vestigations on MMC in Al/a-Ge multilayers. This work has
been carried out in order to understand the role played
defects in the microstructural evolution of the system. W
provide conclusive evidence on the nature and source of
fects involved in the MMC of Ge in Al/Ge multilayers. Fo
these investigations, we have grown a 150 layer specim
with alternating layers of Al and Ge with a overall thickne
of 30 mm and identified the type of defect and the nature
its evolution under heat treatment. Based on these meas
©2003 The American Physical Society04-1
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BRIEF REPORTS PHYSICAL REVIEW B68, 012104 ~2003!
ments and complimentary data on intermixing and precip
tion drawn from our earlier study, we propose that t
growth of Ge precipitates is aided by vacancylike defe
which are supplied by quenched-in interfacial voids pres
in the as-grown specimen.

Multilayer thin films of Al/a-Ge were deposited by elec
tron beam evaporation at a vacuum of 331027 mbar. The
deposition and annealing chambers were preheated and
gassed before use. Prior to the actual deposition of the sp
mens, Ti was deposited on the chamber walls to act a
getter material. Suitable precautions were also taken to m
mize oxide contamination during the vacuum annealing
samples. Hundred and fifty layers, alternately of Al~200 nm!
and Ge~200 nm!, were deposited on a Si~111! substrate at
room temperature with an overall thickness of 30mm. Pure,
single layer films of Al and Ge, each having a thickness
30 mm were also deposited on Si~111! under identical con-
ditions. In all the cases, the film thicknesses were meas
in situ with a quartz microbalance, which had been ca
brated, against a surface profilometer~DEKTAK 3030!. Pos-
itron lifetime measurements were carried out on as-depos
specimens and after sequentially annealing these films f
h each at different temperatures viz. 443, 523, 573, and
K. The time resolution of the lifetime spectrometer used
these measurements is 225 ps~FWHM!. Experimental data
were analyzed for multiple lifetime components usi
POSITRONFITandRESOLUTION programs.18

Multilayer thin film specimens withN layers haveN in-
ternal interfaces including the one between the substrate
the film. These internal surfaces are potential sources of
fects and hence we expect the positron annihilation cha
teristics of the multilayer film to be different from that of th
single layer films of the same nominal thickness. In orde
investigate these differences, positron lifetime measurem
were carried out on~i! the bare Si substrate,~ii ! single layer
film of Al (30 mm) on Si, ~iii ! single layer film of Ge
(30 mm) on Si, and~iv! Al/a-Ge multilayers on Si. Figure 1
shows the variation of mean positron lifetime as a funct
of annealing temperature for single and multilayer films. T
lifetime for the Al and Ge films were 220 and 221 ps, resp

FIG. 1. Variation of mean lifetimêt& as a function of annealing
temperature for Al single layer film, Ge single layer film, and Al/G
multilayer film on Si. Lines are meant to guide the eye.
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tively, which are close to that of bulk Si. Further, these v
ues did not change much even when the films were anne
at 673 K for 2 h. This observation can be understood
considering the range of positrons in these samples.
rangeR can be computed using the expression19

R~cm!5
1

17
3

Emax
1.43~MeV!

r~g/cm3!
, ~1!

wherer is the density of sample andEmax is the maximum
positron energy corresponding to the positron source~540
keV for 22Na). The mean range of positrons in Al and Ge a
estimated to be 90 and 46mm, respectively. For 30mm
thick films,;30 and 50 % of positrons are expected to pro
Al and Ge films, respectively. Hence, in the absence of a
defects, the mean lifetime in Al/Si should be;203 ps and
that of Ge/Si will be;225 ps. The higher mean lifetime fo
Al/Si sample than the expected value of 203 ps indicates
there are defects in as deposited sample. However, only
lifetime component could be resolved in single layered Al
and Ge/Si samples. This may be due to the lifetime ratio
film and substrate being,1.5, which is the resolving limit of
the positron technique20 and the defect concentration bein
smaller than the detectable limit. The slight reduction seen
mean lifetime for Al/Si sample with annealing temperatu
indicates that defects are indeed annealing out. As the f
tion of positrons probing the single interface is negligib
due to the mean positron diffusion length of few hundr
nanometers,20 very little trapping is expected from the film
substrate interface. These facts indicate, that most of the
itrons are getting annihilated in the bulk, comprising of fil
and substrate. This however is not the case for the multila
specimen of an identical nominal thickness. As seen fr
Fig. 1, The mean lifetime for as-deposited multilayer film
245 ps. It decreases with annealing temperature and a sh
der is seen around 523 K. Interestingly the mean lifeti
does not reach the bulklike value even at the last annea
step of 673 K.

In order to have a better understanding of these resu
lifetime spectra corresponding to Al/a-Ge multilayer film
were analyzed for multiple components. A good fit could
obtained with no more than two lifetime components. Inc
sion of an additional component always resulted in unphy
cal values. Figure 2 shows the variation of resolved lifetim
componentst1 , t2, andI 2. The resolved intensityI 1 corre-
sponding tot1 is not shown, sinceI 15(1002I 2). For the as
grown multilayer, thet1 component is 218 ps which arise
from the bulk state of both the multilayer film and the
substrate. Thet2 component has a value of 416 ps. Th
value is much larger than the bulk lifetime for Al~166 ps!,21

Ge ~230 ps!,22 and that of the Si substrate~218 ps!. The
intensity of this component is 14%, indicating that a siza
fraction of the positrons is getting annihilated in th
multilayer film. Since very little positron trapping occurs
the single layer specimens, we conclude that thet2 compo-
nent arises due to positron trapping at the large number
ternal Al/Ge interfaces present in the multilayer film. Th
lifetime component is fairly close to that obtained for micr
voids composed of large vacancy clusters in Al~Ref. 21! or
4-2
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Ge.22 This observation, coupled with the fact that there
negligible positron trapping in the single layer films, leads
to ascribe the 416 ps component to voids present at eac
the interfaces between the Al/Ge layers. This is understa
able as there are 150 interfaces including the substrate
interface. The assertion that the 416 ps component co
from interfacial voids is further justified by the followin
considerations: ~i! Assuming a mean density for th
multilayer film to be;4 g/cm3, the rangeR of positron is
calculated using Eq.~1! to be 60mm, whereas the overal
multilayer thickness is only 30mm. Hence, in the absence o
defects at interfaces, very little positron trapping would o
cur and positrons would see only the bulk states of the fi
and substrate.~ii ! Since the typical diffusion length of pos
trons is of the order of a few hundred nanometers in de
free materials,20 most of the positron stopped within th
30 mm thick multilayer has a high probability of samplin
all the interfaces as each layer thickness is only 200 nm.~iii !
It may be emphasized that the underlying microstruct
cannot give rise to the observed differences in the posi
annihilation characteristics between the thick single la
films and the multilayer specimen. It is well known that cry
talline Ge films can be grown only by high temperatu
deposition. Thus, Ge films deposited at room temperature
amorphous irrespective of thickness.17 Aluminum films de-
posited at room temperature are nanocrystalline with the
erage grain size being more or less constant for films thic
than 100 nm. Thus, we believe that the differences betw
the single layer and multilayer specimens cannot be att
uted to the microstructure. The absence of the large lifet
component in the single layer films clearly rules out the p
sibility of voids being present in the bulklike regions of th
multilayers. This would imply that the 416 ps compone

FIG. 2. Variation of resolved lifetime components as a funct
of annealing temperature for Al/Ge multilayer film on Si. Lines a
meant to guide the eye.
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arises from interfacial voids present at the incoherent in
faces between the Al and Ge layers.~iv! The lifetime com-
ponentt1 ~218 ps!, is slightly smaller thantb of single layer
films with Si substrate~221 ps!. Such a reduction intb is
expected in a two state trapping model whent2 is associated
with defects andt1 to the bulk componenttb and trapping
rate. Thus, it is clear that the lifetime components are c
rectly assigned. In an earlier report on depth resolved inv
tigations of Al/Ge bilayers,17 it was shown that the normal
ized S-parameter peaks at the interface region, clea
indicating the presence of localized defects. However
should be noticed that the nature of defect cannot be con
sively identified by mereS-parameter results. Earlier inves
tigations on Si/Ge/Si trilayer23 and W/Si~Ref. 24! interfaces,
using depth resolved positron beam technique, indicate th
substantial positron trapping occurs at the interface reg
Apart from the enhanced defect concentrations, a posi
charge state of defects in Ge as well internal electric field
the interface24 would be reasons for the substantial fiel
induced drift and subsequent trapping of positrons at inte
cial defects. Thus, it is not surprising that unlike the case
the single layer films, a significant fraction of positrons a
trapped at interfacial defects which are identified to be vo
in the present study.

The evolution of defects along with interdiffusion of A
and Ge during annealing is clearly seen from Fig. 2. T
larger componentt2, is seen to have decreased from 416
386 ps upon 443 K annealing for 2 h. Calculated lifetim
values for 6 and 13 vacancy clusters in Al are 351 and 4
ps, respectively.21 Hence, the fall int2 value indicates that
interfacial voids are shrinking in size by emitting vacancie
Compositional depth profiling on Al/Ge bilayers usin
SIMS17 indicates the onset of interdiffusion between the la
ers at this stage of heat treatment. Interfacial mixing is, ho
ever, only marginal. There is, however, a substantial re
rangement in the vicinity of the interface due to localiz
transport of atoms. Such a mobility of the atoms appear
be accompanied by the emission of vacancies from the in
facial voids. These vacancies are presumably annihilate
local sinks and as a result we see a reduction in void s
with only a marginal increase in vacancy concentration. T
interpretation is consistent with the observed reduction int2
accompanied by only a small change inI 2. The trends int1 ,
t2, andI 2 is similar after the next stage of anneal at 523 K
well. The 368 component, observed at this temperature
also fairly close to that for six-vacancy clusters. Once ag
we find a small increase inI 2. The next stage of annealing a
573 K, however, results in interesting changes. At this po
we see a marked change in the behavior oft1 , t2, and I 2.
The lifetime componentst2 and t1 fall off abruptly at this
stage. It is found thatt2 drops from 368 to 312 ps andI 2
increases from 17 to 28 %. The defect component is con
tent with known values of di/trivacany clusters in Al.21 SIMS
depth profiles17 on Al/Ge bilayers show that there is a com
plete intermixing in the sample following this annealin
stage. For the purpose of carrying out transmission elec
microscopic~TEM! studies, we have specially prepared A
a-Ge bilayer specimens of 50 nm / 50 nm thickness. T
dimension is chosen for the purpose of electron transpare
4-3
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Figure 3 shows a typical TEM bright field image of fracta
like Ge precipitates in bilayer film annealed at 500 K for
min. Since the morphology of precipitates is fairly indepe
dent of thickness, this image is representative of precipita
undergoing rapid defect mediated growth. Thus, it is s
that interdiffusion is accompanied by huge increase in
concentration of such vacancy clusters which accelerates
growth of fractal-like precipitates. This observation is al
borne out clearly by the huge increase in the trapping
computed from the two state trapping model, as shown
Fig. 4. It should be noted at this stage that there is no sig
ture of the interfacial void that was present prior to the a
neal. Thus, the process of interdiffusion not only smears
the interfaces but also results in the breaking up of the vo
into a large number of small vacancy clusters. This seque
of events appears to be the only plausible explanation, wh
is consistent with the observed reduction int2 accompanied
by a large increase inI 2. Murukami et al.16 have proposed
that a single vacancy could mediate the exchange of on
more Ge atoms during their precipitation from a dilute allo

FIG. 3. Typical TEM bright field image of fractal-like Ge pre
cipitates in Al~50 nm! / a-Ge ~50 nm! bilayer film annealed at 500
K for 30 min. The image is representative of precipitates under
ing rapid defect mediated growth.
.
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From their Doppler broadening studies, it was argued that
atoms decorate vacancy clusters in such precipitates.
these observations are consistent with and strengthen the
perimental results obtained in the present work. The chan
occurring after the final stage of annealing at 673 K are o
marginal. These changes in annihilation characteristics
consistent with an observation of a complete precipitation
Ge from the matrix.17 Hence, our present results have pr
vided experimental evidence for the predominant role of
cancylike defects in metal mediated crystallization. As in t
case of Al-Ge, the equilibrium phase diagram of most MM
systems are simple eutectic with extremely poor mutual s
solubilities of the components and hence we expect that
conclusions drawn from the present study would be o
generic validity.

The authors acknowledge Dr. G. Amarendra, Dr. C.
Sundar, Dr. B. Viswanathan, and Dr. G. Ananthakrishna
their critical comments and for many useful discussions.

- FIG. 4. Variation of total trapping rate, estimated using resolv
lifetime components as a function of annealing temperature
Al/Ge multilayer film on Si. Lines are meant to guide the eye.
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