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We report on the growth and interfaces of ultrathin polycrystalline Ge and Si films when they are grown on
each other using ion beam sputter deposition with and without surfactant at different growth temperatures,
studied using interference enhanced Raman spectroscopy. Ge films grown on Si without surfactant show Ge
segregation at the interfaces forming an alloy of GexSi12x as indicated by the Ge-Si Raman mode. However,
use of Sb as surfactant strongly suppresses the intermixing. Also Si films grown on Ge have been observed to
crystallize at low-substrate temperatures in the presence of the surfactant. In contrast to the growth of Ge on Si,
the intermixing in the growth of Si on Ge is observed to be negligibly small even without the surfactant layer.
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I. INTRODUCTION

Ultrathin semiconductor film structures are attracting a
of interest due to their novel properties and potential ap
cations arising from band-gap engineering.1–6 Guntzmann
and Clauseker,7 in their calculation based on the quantu
confinement, speculated the possibility of realizing the dir
band gap from indirect band gap materials, which have b
achieved in superlattices1–6 and nanocrystals.8,9 Si- and
Ge-based superlattices are being extensively investigate
their optoelectronic devices can be easily integrated with
well established Si-based IC technologies. Despite the
that a number of methods have been employed to grow th
structures, their applications are slow to follow due to t
problem of segregation of Ge into the underlying Si, whi
smears the sharp interfaces. Among the efforts to overc
this problem, surfactant mediated growth10 ~SMG! is proving
to be very useful.

In this process of SMG, a third element is introduced o
the substrate surface before the film growth, which modi
the surface free energy. Further, during the film growth,
surfactants are observed to segregate and come up to
surface of the growing film and continue to modify the su
face. Although there are numerous reports11–22on SMG, the
exact microscopic phenomena involved in its action is as
unresolved. Variousin situ and ex situstudies such as me
dium energy ion scattering,10,17,21 reflection high-energy
electron diffraction16 transmission electron microscop
~TEM!,18 x-ray reflectivity,15 and Raman14 etc. have been
used to understand this. The investigations evidence
change in surface diffusion lengths of the depositing spec
which hinder the island formation as well as crossover fr
two-dimensional~2D! to 3D islands. Our interest is to inves
tigate the influence of Sb as a surfactant on the growth
interfaces of Si and Ge using Raman spectroscopy. In
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study of Ge segregation into Si, Raman spectroscopy
very useful method as it directly identifies the Si-Ge vibr
tional mode4 at ;400 cm21. Apart from this, Raman spec
troscopy can be used to qualitatively understand the de
of crystallinity and the nature of interfaces. Raman inves
gations on surfactant mediated growth of Ge and Si are v
limited which may be due to the limitations of poor signal
noise ratio in the nonresonant conventional backscatte
geometry. A lower penetration depth of the exciting visib
light can also prevent the investigation of deep buried la
interfaces. Interference enhanced Raman spectroscop23,24

~IERS! overcomes these limitations to a great extent by tr
ping a larger amount of light in ultra thin layer~s! ~as well as
in their interfaces! using a multilayer structure in which th
semiconductor film~s! ~and their interface! to be studied are
well within the penetration depth of the exciting light. In th
multilayer structure three different optical functions a
present:~i! The bottom layer is a reflector~normally Al! for
the exciting laser frequency~l!, ~ii ! the layer above that is a
transparent dielectric film~normally SiO2! which introduces
the required phase shift.~hence, also called as phase laye!
and~iii ! The ultrathin absorbing~for l! layer~s! to be inves-
tigated is~are! grown over the dielectric film. In this struc
ture, if the total optical thickness of the dielectric layer pl
the absorbing layer~s! is equal tol/4, then an effective anti-
reflection condition is achieved. Since the base layer i
good reflector and the absorption of the dielectric layer
negligible, most of the incident light is absorbed in the ul
thin layer~s! ~as well as in their interfaces!.

In this paper, we report on Raman investigations of ul
thin polycrystalline Si and Ge films growth and their inte
face, when they are grown on each other at different te
peratures, with and without the surfactant Sb using IERS
our experiments we have used CeO2 as phase layer instead o
conventionally used SiO2 and the reasons have been d
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cussed in an earlier report.25 Since the aim of our investiga
tion is to study the Si and Ge interfaces grown up to 600
Al cannot be used as a reflector, as it is not stable at h
temperatures and, therefore, it has been replaced by
Based on this idea, after a detailed calculation of reflectiv
of various thickness combinations using the transfer ma
method for multilayer thin films, we have selected the str
tures of 35 Å Ge/35 Å Si/160 Å CeO2/1500 Å Pt/substrate
and 35 Å Si/35 Å Ge/160 Å CeO2/1500 Å Pt/substrate. Fo
surfactant mediated growth, a thin layer of Sb~5 Å! was
grown in between Si and Ge layers.

II. EXPERIMENTAL DETAILS

Films have been prepared by ion beam sputter depos
process whose details have been reported elsewhere.26 In
brief, a Pt foil of 2 in diameter and 0.5 mm thickness w
bonded to a copper plate and used as a target. The targe
been sputtered with ion energy of 1 KeV and current of
mA and the Pt films were deposited on an optically polish
quartz substrate. CeO2 films have been deposited from a st
ichiometric CeO2 target of 40 mm diameter. Ion energy of
KeV and current of 20 mA were used to sputter the tar
and the estimated rate of deposition was 0.5 Å/s.26 The par-
tial pressure of oxygen was maintained at 131024 mbar for
obtaining absorption free CeO2 films.26 For SMG, antimony
~Sb! of nominal layer thickness of 5 Å has been deposited a
a rate of; 0.1 Å/s using Ar ion beam with an energy of 0
KeV and current of 5 mA. Si and Ge films were deposited
a rate of 0.3 Å/s and 0.26 Å/s, respectively.27 The rate of
depositions were estimated from the growth calibrat
curves obtained using talysurf and x-ray reflectiv
measurements.27 The nominal thickness of the Si layer wa
estimated to be 3563 Å and 3564 Å for Ge.27 For the
Si/Ge/CeO2/Pt/Subst. samples the top Si layer has been p
tected from oxidation with a 50-Å cap layer of CeO2.

For Raman investigations, the samples were excited
room temperature using the 5145 Å line of an Ar1 ion laser
with low power of ;2 mW in order to avoid any sampl
heating. A Dilor XY Raman spectrometer equipped with
triple monochromator and liquid nitrogen cooled char
coupled device~CCD! detector has been used to record R
man spectra in near backscattering geometry.

III. RESULTS AND DISCUSSION

A. Growth of Ge on Si without surfactant

Figure 1~a! shows the Raman spectra of 35 Å Ge/35
Si/CeO2/Pt/Substrate structures in which crystalline Si film
have been grown at 550 °C over the CeO2 films. Following
this the Ge films have been deposited at different subst
temperatures (Ts) as indicated in Fig. 1~a!. The Ge films
grown at a substrate temperature of 300 °C show a sh
optical phonon line at 298 cm21, the broad shoulder over th
low frequency side indicates that the amorphous Ge coex
with crystalline Ge. A weak peak seen at;464 cm21 in
some of the spectra are due to the triply degenerate Ra
active F2g mode of ceria.28 The Ge films grown at highe
substrate temperatures~.300 °C! did not show the amor-
phous Ge band~;277 cm21!, implying that the films are
completely crystalline. The Raman lines of the Ge films w
h
Pt.
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FIG. 1. ~a! IERS spectra of Ge grown on bare Si. The numb
near the peaks state their FWHM.~b! IERS spectra of Ge grown on
bare Si@Fig. 1~a! expanded inX andY scales#.
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redshifted compared to that of bulk Ge at 299 cm21 as well
as asymmetrically broadened. With increasing growth te
perature, the full width of half maximum~FWHM! ~G! of the
Ge-Ge peak as marked in Fig. 1~a!, as well as its asymmetry
and redshift increased. The reason for the asymmetr
broadening and redshift can be due to the phonon confi
ment effect.29 Further, growth of Ge on Si can lead to th
formation of GexSi12x alloy at the interface.30 The intermix-
ing can be more clearly inferred from the Ge-Si vibration
mode that appears at;400 cm21. @Figure 1~b! was obtained
from Fig. 1~c! by expanding both the abscissa and ordina
scales.# The films deposited at 300 °C did not show any pe
corresponding to Ge-Si mode, whereas, the films depos
at higher temperatures show them. With the increase
growth temperature, the intensity of the Ge-Si peak increa
confirming the enhanced Ge segregation at the interfa
The phonon frequencies and their intensity ratios can be u
to estimate the alloy composition, strain and thickness
each layer. Pearsonet al.31 have estimated the effectiv
thicknesses of the interface alloy, Si and Ge layers
amorphous(a2) Si/a-Ge superlattices from the relative R
man intensities. Applying Pearson’s model to our case m
not be correct, because of the IERS structure used in wh
the increased absorption in each layer may not be in s
proportion as in conventional superlattices. Groenenet al.32

have reported a linear dependence ofx with the intensity
ratio of GeGe/SiGe and SiGe/SiSi modes. Renucci, Renu
and Cardona33 have studied these Raman frequencies a
function of compositionx for bulk alloy. Both the Ge-Ge and
Si-Si modes lower in frequency with increase ofx. However,
the Ge-Si mode shows an increase in blueshift up tox
;0.5, which decreases with further increase ofx. Once
again, these methods cannot be applied to the present
due to the IERS structure. We note that though the inten
of the SiGe mode is significant for the samples grown at 5
and 600 °C, the alloy line due to Si-Si at;470 cm21, as
reported by Schoreret al.34 was not observed. It may hav
merged with the Raman line of CeO2 at ;467 cm21. The
Raman line associated with Si optical phonons w
blueshifted~11 cm21! with respect to the bulk~522 cm21!
which can be due to the residual compressive strain de
oped in Si films when grown on CeO2, due to the lattice
mismatch of;20.4% between Si and CeO2.

B. Growth of Ge on Si with Sb as surfactant

Figure 2~a! shows IERS spectra of Ge films grown
different substrate temperatures (Ts) on Si with Sb as sur-
factant. Unlike in the previous case, the presence of sur
tant enabled the growth of pure crystalline Ge film on Si
the substrate temperature of 300 °C. In general, SMG
sulted in better crystalline Ge film growth as inferred fro
the relative lower linewidth of the 300 cm21 Raman line,
mentioned in the figure@compare Figs. 2~a! and 1~a!#. Table
I compares theG anddv values of the films deposited wit
and without surfactant as a function of substrate temperat
Surfactant induced modification in growth can also be s
from the Raman peak positions. The films grown witho
surfactant display redshifted Ge line whereas it is bl
shifted while grown with surfactant. This can be understo
qualitatively in terms of strained layer growth. For examp
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in a lattice mismatched heteroepitaxial system, the use
surfactant was found to increase critical thickness even
lower substrate temperatures. In general, lattice mismatch
vors strain relaxation through island formation. The surfa

FIG. 2. ~a! IERS spectra of Ge grown on Si with Sb as surfa
tant. The numbers near the peaks state their FWHM.~b! Figure 2~a!
expanded inX andY scales.
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TABLE I. dv and G of Ge films grown at different substrate temperatures on Si with and with
surfactant.

Growth
Temperature~°C!

Without surfactant With surfactant

dv ~cm21! G ~cm21! dv ~cm21! G ~cm21!

300 21.5 — 11.5 8.0
400 22.5 9 11.5 7.5
500 24.0 11 11.3 7.7
600 25 12.5 11.3 8.2
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tant layer hinders this islanding process and permits laye
layer growth, in which the films are coherently strained. F
a lattice mismatch of;24.2% between Ge and Si cohe
ently strained Ge layer growth should blueshift the phon
line by ;117 cm21. Sutteret al.30 reported that in strained
layer superlattices of Si and Ge, the phonon line of Ge w
shifted by 13 cm21, which was interpreted as due to th
resultant shift of compressive strain and the phon
confinement effect. In our investigations, the magnitude
the observed blueshift is much less than 17 cm21. This rela-
tively small blueshift is because the grown layers are po
crystalline and which does not allow the growth of coh
ently strained films. Further, the redshift due to phon
confinement will also compensate to some extent
blueshift due to compressive strain.

The phonon line broadening is very sensitive to the cr
tallite size or island size and is a measure of the film qual
In contrast to the films grown without surfactant~G from 9 to
13 cm21! the Raman linewidth for SMG samples are in t
range of 7.5 to 8.4 cm21 ~see Table I!. This implies that the
grains are larger compared to that of films deposited with
surfactant. Such surfactant induced large grain growth
been reported by Eaglesham, Unterwald, and Jacobson35 in
their XTEM investigations covering the annealing effects
Ge/Si in the presence of various impurities~H, In, and Sb!.
Among the impurities, Sb was reported to be most effect
in slowing down the process of islanding in post grow
annealing. It was reported to favor large flat islands as w
as to reduce the island spacing by hundred fold, compare
the Ge films grown on bare Si surface. The mechanism
which the prohibition of islanding occurs is still controve
sial. Copelet al.10,17proposed that the adherence of growi
species on surfactant passivated surface results in a
decrease of their surface mobility which in turn hinders
formation of islands as well as reduces the interdiffusion
Ge into Si. In other reports,22,36,37SMG has been explaine
based on a new proposal of the two-dimer correlated
change mechanism. On the other hand,~ab initio! molecular
dynamics38 reveals that the surfactant significantly reduc
the diffusion barrier near the step edge and hence the is
formation is suppressed. We also note that the observedG in
Fig. 2~a! is slightly greater than that of bulk Ge~5.5 cm21!
which can be due to the phonon confinement effect.29

In order to see the Si-Ge mode for the case of SMG, F
2~a! has been expanded inX andY scales as shown in Fig
2~b!. The films deposited above 300 °C show relatively we
peaks at;400 cm21 in comparison with Fig. 1~b!, which
indicates the use of Sb as surfactant has reduced or
pressed the Ge segregation into Si. Also the peaks in
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2~b! are narrower than in Fig. 1~b!, implying smoother inter-
face in SMG films. This inference is similar to the earli
report.39 Katayamaet al.40 studied the influence of surfactan
coverage on the film quality and interfaces of Ge/Si. A
increase of surfactant coverage was reported to be bette
suppressing the intermixing of Ge and Si, Horn-von Hoeg
et al.41 did not observe the interface vibrational mode for t
surfactant mediated molecular-beam epitaxy~MBE! grown
Ge on Si at 600 °C, again implying smooth interfaces. This
because the observation of interface mode in Raman spe
recorded in backscattering geometry requires the breakd
of wave vector selection rule arising from interface roug
ness. Dondlet al.14 investigated the Ge/Si interface with S
and Sn as surfactant using Auger and Raman. Accordin
them, use of Sb as surfactant had retained the superla
structure as confirmed from acoustic phonons.

C. Growth of Si on Ge without surfactant

Figure 3~a! shows the Raman spectra of Si grown
Ge/CeO2/Pt/subst. at different substrate temperatures. In
part of the investigation, all the crystalline Ge films we
deposited at;400 °C. Si films deposited at 400 °C on G
show only the optical phonon line at 488 cm21 due to the
amorphous nature of Si. For the films deposited at 450
the phonon line due to both amorphous and crystalline Si
seen which, indicates the coexistence of amorphous
crystalline Si. With increase of the substrate temperature
500 °C, the peak intensity of crystalline Si at 523 cm21 in-
creased however, the presence of amorphous Si can sti
seen from the broad shoulder occurring at;490 cm21 even
at growth temperature of 500 °C.

Considering the Ge optic phonon lines shown in Fig. 3~a!,
they are all blueshifted compared to that of bulk Ge at 2
cm21. In these samples, the Ge layer is sandwiched betw
Si and the middle CeO2 layer. With respect to both Si an
CeO2, Ge has a lattice mismatch of;4.2% and hence the
films are compressively strained. As mentioned earlier,
deposited films are only partially strained due to the po
crystalline nature of the films. Also the effect of phono
confinement cannot be ignored and the observed shift sh
be attributed to the combined effect of both phonon confi
ment and strain. As far as the interface of Si/Ge is concern
in general, the Ge-Si phonon line occurring at;400 cm21 is
very weak as seen in Fig. 3~b! an expanded spectra of Fig
3~a! in X andY scales. More details are to be discussed la
while comparing with the films grown using surfactant Sb
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D. Growth of Si on Ge with Sb as surfactant

Figure 4~a! show the Raman spectra of samples where
films have been grown at 300, 400, and 500 °C
Ge/CeO2/Pt/Substrate with predeposited Sb layer on Ge. T

FIG. 3. ~a! IERS spectra of Si grown on bare Ge. The numb
near the peaks state their FWHM.~b! Figure 3~a! expanded inX and
Y scales.
i
n
e

crystallization of Si starts even at the substrate tempera
of ;300 °C as indicated from the shoulder at 522 cm21 over
the amorphous Si broad peak at 475 cm21. Films deposited
above 400 °C show only crystalline feature at 523 cm21.
While the films grown without surfactant up to 500 °C a

s
FIG. 4. ~a! IERS spectra of Si on Ge grown with Sb as surfa

tant. The numbers near the peaks state their FWHM.~b! Figure 4~a!
expanded inX andY scale.
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not purely crystalline, the predeposited Sb has promoted
crystalline growth at lower substrate temperatures. The m
sured Raman line broadening of Si films deposited at
and 500 °C are;9.0 cm21. This can be attributed to goo
crystalline quality or to large islands. Compared to the b
Si Raman width~4.5 cm21!, the additional broadening see
in these films can be due to the phonon confinement eff
With the increase of substrate temperature there is an
crease of redshift in the Si Raman line, with respect to tha
bulk Si at 522 cm21. This can be attributed to combine
effect of:~a! The one dimensional phonon confinement alo
the direction of the film growth as suggested by the l
frequency asymmetrical broadening of the Si Raman lin29

~b! The shift induced due to the strain. The lattice misma
of ;4.2% between Si and Ge results in tensile strain in the
films, which redshift the phonon line. Due to the polycry
talline nature of the growth, the films are expected to be o
partially strained and hence show a smaller redshift than
pected. Now considering the Si/Ge interfaces with surfact
@see Fig. 4~b!# films deposited up to 400 °C did not show an
Raman line at 400 cm21. However, a weak humps;392
cm21 can be seen for films deposited at 450 °C and 500
Si films grown on Ge with and without surfactant did n
show a significant Si-Ge Raman mode at;400 cm21. In
general, the Raman spectra of the interfaces deposited
and without surfactant are more or less similar and the in
ence of Sb as surfactant on the Si/Ge interface is not sig
cant. However, it is to be recalled that surfactant does ind
the crystallization of Si on Ge at lower substrate tempe
tures than that on the bare Ge surface.

E. Comparison of GeÕSi and SiÕGe growth

The present study clearly indicates that the interfa
smearing occurs during the growth of Ge on Si due to
strong tendency of Ge segregation into Si. On the other h
for Si on Ge, the phonon line of Si-Ge is very weak a
indicates that the intermixing is not significant compared
Ge/Si @see Figs. 1~b! and 3~b!#. This is similar to an earlier
report39 on the MBE growth of Si and Ge structures where
the intermixing was seen only for Ge/Si and the rms rou
ness was observed to be more for Ge/Si than Si/Ge gro
Similar results have been reported27 for the x-ray reflectivity
measurements of Ge/Si/Ge trilayer. The analysis of aver
electron density27 along the film thickness indicated an inte
mixing only at Ge/Si interface, whereas, the Si/Ge interfa
was sharp.

Raman lines for the Ge films seen in Figs. 1~a! and 3~a!
show a distinct difference in their line shape particularly
a
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the low-frequency side. The confinement effect on
phonons is the same for Ge on Si and Si on Ge films as t
thickness are the same, but the asymmetrical broadenin
more for the former@Fig. 1~a!# than the latter@Fig. 3~a!#.
This is because of the free surface boundary of the Ge fi
grown on Si, which show a significant contribution from th
surface phonons as seen in earlier studies of bulk Ge~Ref.
42! and gas evaporated Ge microcrystals.43 Interestingly, for
a microcrystallite size of 8 nm the Raman spectra resemb
that of amorphous Ge and was attributed to the surf
phonons from loosely packed microcrystals with large fr
surface boundary.43 In the case of Si on Ge@Fig. 3~a!# the
free boundary condition is not satisfied and hence, the
served asymmetrical broadening in Ge phonons is purely
to the phonon confinement effect. It is, therefore, clear t
surface phonon states in low dimensional systems can
nificantly affect the Raman line shape.

IV. CONCLUSIONS

Interference enhanced Raman spectroscopy has been
cessfully used to investigate the interfaces and growth
ultra thin polycrystalline Ge/Si and Si/Ge, with and witho
the surfactant Sb. CeO2 has been used as a phase lay
which allowed the growth of crystalline Si and Ge. Al refle
tor has been replaced with Pt, which is stable at higher s
strate temperatures and in oxygen atmosphere. Ge fi
grown on Si without surfactant show a tendency of interm
ing as confirmed by the Si-Ge Raman line. In contrast,
grown on Ge did not show any intermixing. The use of Sb
surfactant for the case of Ge on Si strongly suppresses th
segregation, whereas, the nature of the interface for Si on
is not much influenced by the surfactant. The SMG of
films on Si and Si films on Ge induce crystallization at lo
substrate temperatures. A better crystalline quality of Si a
Ge films grown with surfactant has been indicated from th
sharp Raman lines. The observed Raman line shifts for b
the Si and Ge have been attributed to the combined effec
the phonon confinement and residual strain. An additio
broadening exhibited in the Ge Raman line for the case of
on Si and not in Si on Ge has been attributed to the prese
of surface phonons arising under the free surface bound
conditions.
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