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Abstract

Positron beam and Raman spectroscopic studies are reported on a GeyCeO thin film system grown on a Si substrate. The2

variation of the Doppler line shape S-parameter, as a function of positron beam energy, shows a pronounced maximum
corresponding to the Ge-region of as-grown film, while no equivalent feature is seen in the sample annealed at 773 K. The
Raman spectrum of the as-grown film exhibits a broad band, as opposed to a sharp peak observed for the annealed sample. Based
on the correlated evidence from the two measurements, it is concluded that the Ge layer in the as-grown sample is amorphous,
containing a large concentration of structural vacancies. Isochronal annealing measurements of the lineshape parameter in the
temperature range of 300 to 773 K indicate a rather continuous transformation of amorphous Ge to the crystalline state. � 2002
Elsevier Science B.V. All rights reserved.

Keywords: Amorphous materials; Germanium; Positron spectroscopy; Raman scattering; Defects

1. Introduction

Properties of thin layer structures are very sensitive
to the presence of defects, composition, crystallinity and
local atomic bonding configuration, as shown by the
use of interference enhanced Raman spectroscopy
(IERS) w1x. Study of trilayer structures, comprising a
thin semiconducting layer, a dielectric layer and a
reflecting layer, has evoked interest in recent times.
More amount of light can be trapped in the top thin
semiconducting layer to be studied, whose thickness is
less than the penetration depth of the incident light. The
second layer beneath is a transparent dielectric film
(normally SiO ), which introduces the required phase2

shift (hence called the phase layer) and the bottom layer
is a reflector. A variety of experimental techniques are
being employed to characterise the properties of these
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heterostructures in both ex-situ and in-situ conditions.
Among the optical techniques, Raman spectroscopy w2x
is an excellent tool for probing the structure, degree of
crystallinity, composition, strain and quality of the inter-
face. Near-surface Raman scattering measurements per-
formed in-situ in ultra high vacuum, have been reported
w3x on Ge clusters and ultra thin amorphous films,
deposited on low reflectance trilayer structures com-
posed of Al, SiO and a top layer of ;20 nm of C. In2

this study, substantial changes in the amorphous-like
Raman spectral form with decreasing film thickness
indicate the increasing role of near-surface dangling
bonds and bond angle disorder on the phonon density
of states. In recent studies on trilayer structures w4–6x,
the conventionally used amorphous SiO has been2

replaced by crystalline CeO (fluorite structure) in order2

to grow crystalline Ge film at relatively lower substrate
temperatures. Here, the dielectric phase layer of CeO2
also serves as a buffer layer. IERS study w5x of a trilayer
structure of Al, CeO and ultra thin Ge film has shown2

an increased red shift of the peak position and line
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broadening, with a decrease of Ge film thickness. The
changes in the Raman shift as a function of film
thickness, have shown that the films are compressively
strained up to a thickness of f7 nm, beyond which the
strain is released. In-situ Raman monitoring w6x of ultra
thin Ge films has revealed disordered surface with a
large number of dangling bonds. Recently, IERS has
been used to study surfactant-mediated growth of ultra
thin Ge and Si films and their interfaces w7x. While
Raman spectroscopy is sensitive to the crystallinity of
the sample, positron annihilation spectroscopy w8x is a
powerful technique with sensitivity for vacancy type
defects in the fractional concentration range of 10 toy7

10 . With the emergence of variable low energyy4

positron beam (LEPB), selective depth profiling of near-
surface defects in thin film sample has become possible
w9x. The defect-sensitivity coupled with the depth
resolved capability of LEPB, facilitates rather unique
characterisation of defects in thin-layered structures. The
depth distribution of vacancy type defects and sub-
surface amorphisation in 140 keV Ar ion irradiated Si
have been studied w10x by a combination of LEPB,
Raman and ion-channelling techniques. Studies of dif-
ferent states of strain relaxation and the associated defect
profiles across the interface have been reported w11x in
GaAs based heterostructures, which find applications in
the development of quantum well lasers.
In the present paper, we report results using a com-

bined study of Raman and positron beam spectroscopy
to obtain structural and defect specific information on
GeyCeO films deposited on Si substrates. The emphasis2

in the present study is to characterise the Ge layers in
terms of crystallinity and structural defects in the as-
grown state and after isochronal annealing treatment.

2. Experimental details

Samples of GeyCeO were prepared by sequentially2

depositing Ge film of 100 nm and CeO film of 1002

nm thickness on to Si(100) substrates, with Ge being
the top layer. These films were deposited by argon ion
beam sputter deposition w4x. The substrate temperature
was kept at room temperature ;300 K. The ceria films
were sputtered at a total operating pressure of 0.02 Pa
from a stoichiometric CeO target, including the oxygen2

partial pressure of 0.01 Pa. The target used for the
deposition of Ge film was single crystal Ge(111) of
purity 99.999% and the Ge film was deposited at an
argon pressure of less than 0.003 Pa. The thickness of
the film was estimated based on the calibration rate of
deposition, using a Talysurf (Rank Taylor Hobson Ltd.)
quartz crystal monitor. As opposed to the earlier reported
studies w4–7x on very thin films (thicknessF10 nm),
the present studies have been carried out on GeyCeO2
samples with Ge film thickness of 100 nm, which is
comparable with the intrinsic positron diffusion length

w9x. This will help in delineating the annihilation events
occurring at the surface state and inside the Ge layer, in
the LEPB study.
LEPB measurements were carried out using a mag-

netically guided beam system w12x. From Doppler meas-
urements of the annihilation 511 keV g-ray, a defect
sensitive line shape parameter viz., S-parameter is
deduced w9,12x. Owing to the presence of positron
trapping at open volume defects, Doppler broadening
curve gets narrower, yielding a higher S-parameter.
Positron beam energy E was varied from 200 eV to 20p

keV in incremental steps of 500 eV, so as to probe
various sample depths and S-parameter evaluated at
each positron beam energy. The mean positron implan-
tation depth z can be related to the positron beam energy¯
E through the power law w9x, zsAE . The constant An
p p¯
is found empirically to be A;40yr nmykeV , where rn

is the density of the material in gycm , z is in nm and3 ¯
E is in keV. The exponent n, which depends on thep

nature of the material and on the energy range, is found
to be f1.6 for positrons incident on several materials.
The power law with nf1.6 has been applied to the
present system under study to obtain a qualitative depth
calibration. By analysing the variation of S-parameter
as a function of positron beam energy, information
pertaining to the nature and depth distribution of defects
in the sample can be obtained. LEPB measurements
were made at room temperature on the as-grown and
isochronally annealed samples. Annealing of samples
was carried out from 300 K to 773 K in a vacuum of
10 torr, with a holding time of 30 min at eachy6

annealing step. Raman measurements were carried out
at room temperature in the back-scattering configuration,
using the 514.5 nm line of an argon-ion laser operating
at a low power of ;2 mW. A Dilor X-Y spectrometer
equipped with a liquid-nitrogen cooled CCD detector
was used to collect the signal. Raman measurements
were carried out on as-grown sample and the sample
annealed at 773 K.

3. Results and discussion

Fig. 1 shows the variation of normalised S-parameter
as a function of positron beam energy E for the as-p

grown GeyCeO film and sample annealed at 773 K. In2

Fig. 1, normalisation has been done with respect to the
S-parameter value of the Si(100) substrate, which does
not vary with annealing temperature. The experimental
error bar for the measured S-parameter is of the order
of size of the symbol used. The mean depth scale probed
by positron beam is indicated on the top axis. The
following are the salient features observed in Fig. 1. (a)
The starting value of the S-parameter corresponding to
E f0, is characteristic of the surface and this value isp

higher for the as-grown surface as compared with that
for the annealed sample. This is indicative of defects
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Fig. 1. Variation of the normalised line shape S-parameter as a func-
tion of positron beam energy for the as-grown GeyCeO film (s) and2

sample annealed at 773 K (d). The solid line through the data points
is the result of VEPFIT analysis. The depth scale probed by positron
beam is indicated on the top axis.

Fig. 2. Raman spectra obtained for (a) as-grown GeyCeO film and2

(b) film annealed at 773 K.

associated with a large number of dangling bonds at the
surface of the as-grown film. (b) As the beam energy
is increased, slow positrons probe the Ge-region. For
the as-grown film, the S-parameter starts increasing and
exhibits a pronounced maximum at approximately E ofp

2 keV, beyond which it starts decreasing. This pro-
nounced maximum at approximately 2 keV is absent in
the sample annealed at 773 K. (c) The dip seen in the
S-parameter of the as-grown sample at E ;6 keV isp

associated with the interface between Ge and CeO2
layer. (d) At higher incident beam energies (beyond
E ;6 keV), positron probes deeper depths correspond-p

ing to the CeO buffer layer and the substrate. At these2

sample depths, the S vs. E curves for the two samplesp

match, reaching ultimately the value of the Si substrate
at E of 20 keV. Thus, the most noticeable features ofp

S vs. E curves correspond to the Ge-region of thep

trilayer system.
Fig. 2 shows the results of the Raman measurements

carried out on the as-grown GeyCeO film and sample2

annealed at 773 K. As seen from Fig. 2a, the as-grown
film exhibits a broad band with a maximum at approx-
imately 274 cm , which is the characteristic feature ofy1

amorphous Ge w13x. However, for the annealed sample
(Fig. 2b), a sharp Raman peak is observed at 303
cm , which is a clear signature of crystalline Ge w6x.y1

The measured full width at half maximum (FWHM) of
the sharp Raman line is 6.5 cm . Based on they1

correlated evidence from the two measurements (Figs.
1 and 2), it may be concluded that the top Ge layer of

the as-grown film is amorphous containing a large
density of open volume defects. This explains the
pronounced peak in the S-parameter of the Ge-region.
It is interesting that a similar peak in the S-parameter
has been observed w14x earlier corresponding to amor-
phous Ge overlayers grown by thermal evaporation on
GaAs substrate. The native defects of amorphous Ge
get annealed at 773 K, as revealed by the marked
reduction in S-parameter corresponding to the Ge-region
and complete crystallinity is recovered, as evident from
the sharp Raman line in Fig. 2.
A positron diffusion model analysis of the experimen-

tal LEPB data has been made using VEPFIT code w15x
to delineate the contributions to the S-parameter corre-
sponding to the surface, epithermal, defect and substrate
annihilation modes. The solid line through the data
points is the result of VEPFIT analysis. The resolved
defect lineshape parameter S for the Ge-region of as-d

grown film, normalised to S (the value for bulk SiB

substrate) is S yS s1.017"0.001. S-parameter meas-d B

urements, using positron beam, have been reported w16x
for hydrogenated amorphous Ge (a-Ge:H) films,
addressed to the effect of ion-bombardment on the
formation of vacancy structures. In this study, normali-
sed S-parameter values in the range of 1.006–1.0250
have been observed for amorphous Ge films depending
upon the hydrogen content, Ar-ion bombardment and
substrate temperature. The larger S-parameter values
were attributed to the formation of voids in the ion
bombarded a-Ge:H film, while a lower S-parameter
value of;1.016 was assigned to the existence of atomic
vacancies in the film without ion bombardment w16x.
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Fig. 3. Evolution of the depth profiles of the normalised S-parameter
across the Ge-region for different annealing temperatures. For the sake
of clarity, the different depth profiles are shown in three panels. (a)
as-grown film (s); 373 K (q); 473 K (e). (b) 573 K (w). (c) 673
K (q) and 773 K (d).

Fig. 4. Variation of the S-parameter, averaged over the depth interval
corresponding to the Ge-region as a function of isochronal annealing
temperature.

The resolved S-parameter value (1.017"0.001) in the
present study matches well with the above reported
experimental value for vacancies, thereby indicating that
the amorphous state of as-grown Ge film contains a
large concentration of open-volume defects, whose aver-
age size is of the order of monovacancy. Also, a
comparison of the present results with those on a-Ge:H
films w16x seems to suggest the combined role of
hydrogenation and ion-bombardment in stabilising nano-
voids in amorphous Ge films.
The transition from amorphous to crystalline Ge has

been investigated through successive isochronal anneal-
ing measurements of the depth resolved S-parameter in
the temperature range of 300–773 K. Fig. 3 shows the
evolution of the depth profile of the normalised S-
parameter across the Ge-region with the annealing tem-
perature. S-parameter normalisation is the same as that

of Fig. 1. The peak in S-parameter seen at approximately
E of 2 keV for the as-grown film stays for the 373 Kp

and 473 K annealed samples. These profiles with similar
features are shown in Fig. 3a. For the case of the 573
K annealed sample, the peak in the S-parameter becomes
smeared as seen in Fig. 3b. Near-flat behaviour in the
S-parameter across the Ge-region is seen for both 673
K and 773 K annealed samples and the profiles for the
two cases match as shown in Fig. 3c. Fig. 4 shows the
variation of the as-measured S-parameter, averaged over
the depth interval corresponding to the Ge-region, as a
function of annealing temperature. As against this vari-
ation for the Ge-region, the S-parameter corresponding
to the buffer CeO layer and the Si substrate (not2

shown) remain constant as a function of annealing
temperature. As seen in Fig. 4, S remains constantGe

¯

until 370 K, beyond which it shows a monotonic
decrease before levelling off at T G673 K. DetailedA

positron lifetime measurements have been reported w17x
on single crystal Ge samples, irradiated to different
electron doses. Because of the high dose of electron
irradiation, a large disorder in terms of appreciable
concentration of vacancies was found to be present,
based on the observed lifetime parameters. It is interest-
ing to note that a recovery stage at approximately 450
K was observed for electron doses of 10 cm , which19 y2

was ascribed to the annealing of either monovacancy or
vacancy–oxygen complex. Notwithstanding the coarse
annealing interval used in the present measurement, the
observed S-parameter behaviour above 400 K is in
broad agreement with the earlier reported result on
vacancy annealing w17x. Based on the variation seen in
Figs. 3 and 4, it may be qualitatively argued that above
400 K, the onset of amorphous-to-crystalline transition
is possibly initiated by the annealing of structural vacan-
cies in the amorphous state, leading to the nucleation of
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microcrystalline Ge grains. In the partially crystallised
state, there is a reduction in the number density of the
native vacancy defects. At the same time there is a
positive contribution to the defect density when a micro-
crystallite of Ge and an amorphous fraction coexist in
the GeyCeO system. This arises from the compressive2

strain due to lattice mismatch between Ge (lattice
constants5.64 A) and CeO (lattice constants5.41 A),2

˚ ˚
which is as much as 4.5%. The overall defect density is
responsible for the intermediate state observed in the S-
parameter behaviour at approximately 570 K. At higher
annealing temperatures, the microcrystallite size increas-
es, resulting in a further reduction of the number density
of defects and hence leading to a further decrease of the
S-parameter. Complete crystallinity of Ge, free of defects
is restored at T G673 K, as indicated by the flatA

behaviour of depth profiles seen in Fig. 3c and the
constant values reached in Fig. 4. The present trend is
also consistent with the observation of defect-free life-
time values beyond the annealing temperature of 625 K
in electron irradiated Ge sample w17x. Thermal annealing
results on Ge microcrystals embedded in SiO w18x have2

shown more blue shift for smaller microcrystals and the
magnitude of this blue shift was found reduced with the
increase of crystallite size. The temperature dependence
of the incubation time for amorphous Ge films between
420 and 770 K, studied by means of in-situ transmission
electron microscopy and Raman spectroscopy w19x, has
indicated a crystallisation process involving nucleation
and growth. The present annealing results on the amor-
phous-to-crystalline transition are in broad agreement
with these earlier results.

4. Summary

The results of depth resolved positron beam and
Raman spectroscopy measurements on a GeyCeO sys-2

tem deposited on a Si(100) substrate are reported. Both
the measurements show correlated evidence that the as-
grown Ge layer is amorphous, with a large concentration
of structural vacancies. The isochronal annealing results
of line shape parameter indicate amorphous-to-crystal-
line transition in the Ge film, possibly initiated by the
annealing of structural vacancies. Complete crystallinity
in terms of defect-free state is restored at 773 K, as

evident from both Raman and positron beam
measurements.
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