
e
ore

gy,

PHYSICAL REVIEW B 69, 125333 ~2004!
Raman scattering investigation of a GeÕSiO2 ÕSi nanocrystal system under hydrostatic pressure
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We have studied the hydrostatic pressure dependence of Ge nanocrystals embedded in a SiO2 matrix on a Si
substrate by Raman scattering at room temperature. During the first cycle of increasing pressure, we observed
a step change in the Ge Raman mode from 310.4 to 313.8 cm21 at ;23 kbar. The linear pressure coefficients
a obtained before and after the step change at;23 kbar are 0.42 and 0.64 cm21 kbar21, respectively. Upon
decreasing pressure, the Ge mode follows a single slope of pressure coefficienta50.64 cm21 kbar21. A
finite-element analysis was carried out to investigate the elastic-field distribution in the Ge/SiO2 /Si nanocrystal
system, where the discontinuity of the specific geometric configuration with different elastic constants causes
local areas of stress concentration around the interface. The step change of the Raman shifts with pressure at
;23 kbar was attributed to complete delamination between the SiO2 film and the Si substrate.
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INTRODUCTION

Generally in the nanocrystal-matrix systems, the distri
tion of the stress and strain field plays an important role
deciding the physical and thermodynamic properties
nanocrystals~NCs!. It is well known that self-assemble
NCs, such as the Ge/Si islands,1–6 nucleate into ordered
nanostructures via the Stranski-Krastanov growth mode
result of strain accumulated due to the lattice mismat
Strain in coherently embedded Ge/Si islands is also know
modify significantly the electronic properties of th
nanostructure.7 On Si~001!, the NCs of epitaxial Ge were
found effectively to repel one another strongly via the str
fields that are produced in the Si substrate.8 It is also well
understood that the common driving force for the se
organization of ordered arrays of uniform, coherent strain
islands on crystal surfaces is the elastic interaction.9,10 Thus,
investigations on the elastic field in the nanocrystal-ma
systems would enhance our understanding of the st
mechanism of the NCs as well as the exploitation of th
novel functions.

One of the most powerful methods to access informat
on strain in embedded nanostructures is Raman scatte
spectroscopy.11,12 With the application of pressure in Rama
scattering,11–15 strain in Ge layers is reduced due to the d
ference in compressibility between Si and Ge. We have p
viously reported a smaller pressure coefficient (a5dv/dp
50.34 cm21 kbar21) obtained for the Ge mode in Ge/S
islands11 and Ge/Si dot superlattices12 on Si substrates a
compared with the corresponding bulk value (a
50.39 cm21 kbar21). This is attributed to the fact that G
islands are strongly constrained by the surrounding Si latt
leading to a smaller deformation as compared to the bulk
when subject to the same pressure. Recently, we have
shown that for Ge NCs embedded in a glass matrix,
pressure coefficient (a50.77 cm21 kbar21) obtained for the
0163-1829/2004/69~12!/125333~7!/$22.50 69 1253
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Ge mode is almost twice as large as its corresponding b
value.16 This can be explained using a simple elastic mod
which describes the effective pressure transmitted from
matrix to the nanocrystals. However, the interface stra
stress effects under applied hydrostatic pressure have
been fully understood in a more complicated nanocrys
system, such as Ge or Si NCs embedded in SiO2 on a Si
substrate. For example, in the high-pressure photolumin
cence~PL! measurement of Si NCs in SiO2 layers on the Si
substrate by Cheonget al.,17 the observed pressure coeffi
cients of the PL peak energy on the two Si NCs sampleA
and B gave different values (20.4 and 20.6 meV/kbar)
separately, which were not in good quantitative agreem
with an estimate based on the quantum confinement mo
Both of these two samples were formed by ion implantat
of Si1 ions into thermally oxidized Si wafers followed b
thermal annealing, but with a different thickness of SiO2
layers. Moreover, in the first pressure cycle on sampleB
~thicker one! a considerable hysteresis was observed but
in the second cycle. Cheonget al. suggested that the initia
hysteresis was due to an irreversible pressure-induced r
of built-in strains in the nanocrystals, but no explanation w
given for why this particular sample has built-in strain
Therefore, it is necessary and timely to carry out hig
pressure researches further on the multicomponent nano
tal system to elucidate the strain/stress effect on the NC
the nanostructures. Moreover, since desired functional c
acteristics of a semiconductor heterostructure depend
cially on their structure and geometry, which are genera
influenced by the local elastic field distribution during i
fabrication or application, further investigations on mul
component nanostructures, such as the Ge/SiO2 /Si nanocrys-
tal system, may give some insight into exploring the form
tion or application of semiconductor nanostructures.

In this paper, we report on the high-pressure Raman s
tering investigations on Ge NCs embedded in a SiO2 matrix
©2004 The American Physical Society33-1
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on Si substrate. In this nanocrystal system in which the
NCs and the Si substrate have a different Raman freque
~Ge mode;300 cm21 and Si mode;521 cm21), it would
be much easier to make clearer the different strain effect
the NCs and the substrate than on the Si/SiO2 /Si nanocrystal
system. It is noted that the Si acoustic peak at;300 cm21

can be eliminated by specific polarization configuration12

Moreover, our experiments11,12,16suggested that the Rama
shifts with pressure (a5dv/dp) are independent of the siz
of the NCs, which is consistent with the commo
understanding18 based on the high-pressure Raman exp
ments on CdS and CdSe that the potential energy as a f
tion of unit cell volume is identical in both the harmonic an
the first anharmonic term in tetrahedrally bonded bulk a
nanocrystal systems. This simplifies the study of the mec
nism of the elastic field evolution with the surrounding h
drostatic pressure, since we can neglect the size effect o
NCs.

EXPERIMENT

The samples for investigation were prepared by code
sition of Ge and SiO2 by radio-frequency~rf! magnetron
sputtering onto a Si~001! substrate with about 3–5-nm-thic
native oxide. The sample thickness is;1 mm and Ge con-
centration is;60 mol. %. After deposition, the sample wa
annealed for 1 h at 800 °C in an argonatmosphere, which
produced the NCs. More details on the sample prepara
can be found elsewhere.19

Figure 1~a! shows the transmission electron microsco
~TEM! image of the annealed Ge NCs.20 Interestingly, the
NCs are preferentially formed in the area away from
sample surface, and at the interface with the silicon subst
the density of the NCs is somewhat higher. High-resolut
~HR! TEM images@Figs. 1~b! and 1~c!# reveal other features
of the formed NCs.20 The NCs formed in bulk of the sampl
have clearly pronounced facets and are single crystals
very few cases with twinning defects. The NCs formed in
direct vicinity of the Si substrate, on the other hand,
spherical and the interface under these NCs is no longer
The size of the NCs,;20 nm, is almost the same in bot
cases.

The Raman spectra were recorded in a backscattering
ometry at room temperature using a 514.5-nm line from
argon-ion laser. The scattered spectra were analyzed w
Jobin-Yvon T64000 triple-grating micro-Raman system. T
pressure-dependent measurements were carried out us
standard diamond anvil cell technique with a 4:1 mixture
methanol and ethanol as the pressure-transmitting med
The applied pressures were monitored by the shift of
ruby R1 line.

RESULTS AND DISCUSSION

Figure 2~a! shows the Raman spectra for the Ge/SiO2 /Si
sample at ambient pressure. The Ge mode occurs
;300 cm21 with a full width at half maximum~FWHM! of
about 5 cm21 while the Si mode from the substrate is
;521 cm21 with a FWHM of about 4 cm21. The appear-
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ance of a strong and sharp peak of the Ge mode indicate
formation of the crystalline phase. We have used the po
ization configurationz(x,y) z̄ (z along the@001# direction,x
along the@100# direction, andy along the@010# direction of
the Si substrate! to minimize the Si acoustic phonon peak
;303 cm21.12 We note that the Ge mode shifts to low
frequency as the laser intensity increases. To prevent
laser-induced heating, the laser power on the sample is
to a minimum with a power density of;53104 W/cm2.

The Raman shifts of the Ge mode and the Si mode w

FIG. 1. ~a! TEM image of Ge/SiO2 /Si NC samples;~b! HR-
TEM image of Ge/SiO2 /Si NC samples with Ge NCs formed in th
bulk of the sample; and~c! in the vicinity of the Si~001! interface.
3-2
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pressureP for two pressure cycles were shown in Figs. 2~b!
and 2~c!, where both the Ge and the Si peaks were fitted
the Lorentzian profile. During the first upstroke of the pre
sure cycle, the Ge mode shifts linearly withP and then
shows a step that jumps up from 310.4 to 313.8 cm21 at P
;23 kbar, and subsequently shifts up withP at a higher
pressure coefficient~a!. On the other hand, atP;23 kbar,
the Si mode shifts down by;0.9 cm21, and thereafter the S
mode shifts up at a lower pressure coefficient~a!. Our results
show that atP;23 kbar in the first upstroke of pressur
there exists an irreversible transition in the strain effect of
Ge/SiO2 /Si nanocrystal system. In the last part of the fi
upstroke~i.e., beyond 23 kbar! and the first downstroke,a
remained unchanged. The second pressure cycle shows
both the Ge and Si modes keep the reversible Raman
with pressure with the samea as the first downstroke of th

FIG. 2. Raman spectra for Ge/SiO2 /Si NC samples at ambien
pressure~a!; pressure dependence of Raman shift of the Ge m
~b!; and the Si mode~c!. The inset shows the enlarged portion of t
Si mode near transitionP;23 kbar.
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pressure cycle. It is noteworthy that although the pres
high pressure experiment is performed on Ge NCs of s
;20 nm, we have also observed similar behavior in Ge N
of size 4–12 nm with the same SiO2 layer thickness, indi-
cating the observed phenomenon is independent of NC s

As shown in Figs. 2~b! and 2~c!, the solid curves corre-
spond to the least-squares fits to the experimental d
where the Raman modes before (v1) and after (v2) the
transition atP;23 kbar were fitted separately,

v1
Ge~P!5~300.060.1!1~0.4260.01!P, ~1!

v2
Ge~P!5~300.260.2!1~0.6460.02!P

2~0.00360.001!P2, ~2!

v1
Si~P!5~521.760.1!1~0.5760.01!P, ~3!

v2
Si~P!5~522.360.2!1~0.5360.01!P

2~0.00160.0002!P2. ~4!

According to these fitting results, we found that after t
irreversible transition at 23 kbar,a of the Ge mode change
from 0.42 to 0.64 cm21 kbar21 and a of the Si mode
changes from 0.57 to 0.53 cm21 kbar21. We note that the
elastic field distribution would not be uniformly homoge
neous in the Ge/SiO2 /Si nanocrystal system, especially ne
the interface between the SiO2 matrix and the Si substrate
Thus, it is necessary to investigate the elastic-field distri
tion in the Ge/SiO2 /Si nanocrystal system to enhance o
understanding of the pressure dependence of the Ra
shifts of the Ge and Si modes.

Using a finite-element package~ABAQUS/Standard!, an
axisymmetric model structure as shown in Fig. 3, where
Ge NC sphere is embedded along the rotationz axis, and the
Si substrate and SiO2 matrix cylindrical layers are separate
by a sharp interface, was chosen to study the elastic-fi
distribution in the nanocrystal system under a hydrosta
pressure of 10 kbar. For simplicity, the Ge NCs, SiO2 matrix,
and Si substrate were considered as isotropic elastic
tinua, with elastic constants of Ge (E151316.6 kbar,s1

e

FIG. 3. Schematic structure of the Ge/SiO2 /Si axis symmetrical
nanocrystal system modeled.
3-3
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FIG. 4. ~Color! Global r 2z plane stress distributions ofs rr , s rz , szz, suu , andsMises for the disk-shaped Ge/SiO2 /Si nanocrystal
system, with the arrows pointed at the SiO2 /Si interface.
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50.207 48, K15750.17 kbar),21 of SiO2 (E25730 kbar,
s250.162, K25361 kbar),22 and of Si (E351629.1 kbar,
s350.222 62,K35978.87 kbar)~Ref. 21! separately. Here
(Ei ,s i ,Ki) i 51,2,3 are Young’s modulus, Poisson’s ratio, an
the bulk modulus, respectively.

Figure 4 shows ther 2z plane stress distributions ofs rr ,
s rz , szz, suu , and sMises for the disk-shaped Ge/SiO2 /Si
nanocrystal system, where the negative values indicate
compressive stress. All five stress tensors are distribu
rather nonhomogeneously around the surface of the n
crystal system and near the SiO2 /Si interface. But in the
central part of the nanocrystal system away from the per
ery, the five tensors are distributed uniformly in the laye
parallel to the SiO2 /Si interface. At the SiO2 /Si interface,
there is a significant discontinuity fors rr andsuu . The val-
ues ofs rr andsuu , which are almost identical in the centr
part, jump from about25.70 kbar at the SiO2 matrix to
about211.77 kbar at the Si substrate. This can be ascri
to the fact that SiO2 (K25361 kbar) is much easier to com
press than Si (K35978.87 kbar), but both of them have
12533
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shrink together at the interface under pressure. As a re
the SiO2 matrix experiences more tensile stress near
SiO2 /Si interface than anywhere else. On the other hand,
Si substrate has to undergo a more compressive stress
cordingly, the absolute values ofs rr and suu for the SiO2

matrix become smaller from the top surface to the SiO2 /Si
interface, whiles rr andsuu of the Si substrate become big
ger from the bottom surface to the SiO2 /Si interface. Con-
sequently, before the transition at 23 kbar, thea of Ge
(;0.42 cm21 kbar21) and Si modes (;0.57 cm21 kbar21)
can be due to the discontinuous distribution ofs rr andsuu in
the nanocrystal system introduced by the SiO2 /Si interface.
As a result of the concentration of the discontinuous stres
the interface strain would accumulate accordingly, wh
may induce the debonding of the SiO2 /Si interface, i.e., the
delamination between the SiO2 matrix and the Si substrat
layers. The delamination behavior of the SiO2 /Si interface
could be further understood by the distribution of~Von!
Mises stress23 sMises ~Fig. 4!. The local distribution ofsMises
at the peripheral SiO2 /Si interface edge~the enlarged circle
3-4
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FIG. 5. ~Color! Local r 2z plane~Von! Mises stress distribution~a! of sMises near the peripheral SiO2 /Si interface edge~the enlarged
circle part in Fig. 4!, and the localr 2z plane stress distribution ofsMises ~b!, s rr ~c!, s rz ~d!, szz ~e!, andsuu ~f! around a Ge NC, where
the thin sold lines indicate the meshes used in the calculation while the thicker line indicates the SiO2 /Si interface.
n
y is
his
en-
part in Fig. 4! was magnified as shown in Fig. 5~a!, together
with the local stress distribution ofsMises, s rr , s rz , szz,
andsuu around Ge NCs~embedded along the rotationz axis,
as shown in Fig. 3!. The distribution ofsMises concentrates
strongly at the outer SiO2 /Si interface edge (r 5r max
12533
550 mm), which indicates further that the delaminatio
could start from the edge where the largest strain energ
accumulated and gradually move inwards. Due to t
delamination behavior, we are able to explain our experim
tal observation for the discontinuity atP;23 kbar.
3-5
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As the optical penetration depth of a 514.5-nm laser
Si~001! is about 1.0mm,24 the Si substrate layer of 1.0-mm
thickness below the SiO2 /Si interface contributes mainly to
the observed Si Raman signal. In this layer, due to
bounding at the SiO2 /Si interface, the absolute value of«zz
is smaller than those of« rr and«uu in the central part of the
Si substrate. In the Si substrate close to the SiO2 /Si inter-
face, the calculated strains« rr and «uu are ;24.2431023

and«zz is ;22.9231023. In the Si substrate layer, 1.0mm
below the SiO2 /Si interface, the calculated strains« rr and
«uu have the values of24.1531023 and«zz has the value of
22.9831023. The calculated strain« rz is almost zero in the
central part of the Si substrate. It is known that as strain
applied along the major crystal axes of the cubic crystal,
triply degenerate optical mode~here for theG258 Si optical
phonon! near zero wave vector is split into a singlet and
doublet.13,25,26 In backscattering geometry along the@001#
direction, only the singlet is observed, and the Raman
quency of the Si mode, in the absence of interfacial disor
is

v5v01~1/2v0!@p«zz1q~« rr 1«uu!#, ~5!

wherev0(50.984931014 s21) is the frequency of thec-Si
zone-center longitudinal-optical phonon, andp (521.345
31028 s22) and q (521.94631028 s22) are the Si defor-
mation potentials.13,25,26

Consequently, before delamination the pressure co
cienta of the Si mode has the value of 0.55 cm21 kbar21 for
the Si substrate near the SiO2 /Si interface and of
0.54 cm21 kbar21 for the Si substrate 1.0mm below the
SiO2 /Si interface. After delamination, the pressure coe
cienta of the Si mode is;0.48 cm21 kbar21 as of the bulk
Si, which has« rr 5«uu5«zz53.40531023 under a hydro-
static pressure of 10 kbar. Thus the calculated downshif
the Si mode at the delamination of;23 kbar is about
1.4 cm21. This result agrees reasonably well with our e
perimentally observed downshifts of;0.9 cm21 ~a changes
from 0.57 to 0.53 cm21 kbar21) within the experimental er-
ror bars. The behavior of the optical phonon from the
NCs with pressure could be understood similarly. The
NCs are formed in the SiO2 matrix without preferential ori-
entation. The broadening of the Raman mode can be du
the average strain effect together with phonon confinem
as well as size distribution.

From the local stress distributions around Ge NCs~Fig.
5!, we can further understand the characteristics of
Ge/SiO2 /Si nanocrystal system. Due to the smaller co
pressibility of Ge (K15750.17 kbar) NCs than the SiO2
(K25361 kbar) matrix, Ge NCs undergo larger stresses
s rr , szz, andsuu than the surrounding SiO2 matrix. More-
over, the discontinuous and nonuniform stress distribution
s rr , s rz , szz, andsuu can be observed around the Ge/SiO2
interface. In the SiO2 matrix, the existence of Ge NCs effec
tively modified the surrounding elastic field of a nonunifor
stress distribution with a scale comparable to the size of
NCs. Similarly, Ge NCs can also introduce nonuniform lo
stress during cooling or heating in the high-temperat
growth of the Ge/SiO2 /Si nanocrystal system due to diffe
12533
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ent thermal-expansion coefficients. The roughness of
Si/SiO2 interface under the NCs with the local geometry co
responding to the shape of NCs, as shown in Fig. 1~c!, could
be due to the nonhomogeneous local stress distribution
duced by the embedded Ge NCs during fabrication.

From the above discussions, our high-pressure Raman
sults on the Ge/SiO2 /Si nanocrystal system can be explain
by its nonhomogeneous distribution of the elastic field un
pressure due to the specific geometric configuration of
ferent parts with different elastic constants. The transition
23 kbar can be ascribed to the delamination of the SiO2 /Si
interface as a result of the accumulated strain energy.
cordingly, the Raman shift of the Ge mode and the Si
mode with pressure can be easily understood. Before
transition,a50.57 cm21 kbar21 of the Si mode in the first
upstroke of the pressure cycle can be ascribed to the m
compressives rr and suu introduced by the SiO2 /Si inter-
face. After the delamination, since the interface stress is
leased, the Si mode shifts down by 0.9 cm21 and a
50.53 cm21 kbar21 recovers to almost the bulk value.14 On
the other hand, before the transition,a50.42 cm21 kbar21

of the Ge mode is due to more local tensiles rr andsuu in
the SiO2 matrix introduced by the SiO2 /Si interface. After
the delamination, as the interface stress is released, wit
the shielding from the Si substrate, the Ge mode shifts t
higher wave number by 3.4 cm21 and a changes to
0.64 cm21 kbar21 thereafter. However, due to the fact th
the Ge NCs are distributed in a rather thin SiO2 matrix layer
of ;1 mm, the stress concentration ofs rr , szz, andsuu on
the Ge NCs is relatively smaller than that on the Ge N
embedded deep in the SiO2 matrix on a quartz substrate, thu
a (50.64 cm21 kbar21) in the Ge/SiO2 /Si nanocrystal sys-
tem is still smaller than that of the Ge/SiO2 /quartz nanocrys-
tal system (a50.77 cm21 kbar21).16 Since the delamination
is irreversible, the second pressure cycle~second upstroke
and second downstroke! shows that both the Ge and S
modes keep the samea as the first downstroke of the pres
sure cycle.

We also calculated the dependence ofs rr andsuu on the
thickness of the SiO2 matrix layer, where the axisymmetri
model structure as shown in Fig. 3 was still used but with
thickness of the SiO2 layer varied from 0.2mm to 3.0mm.
The calculateds rr and suu near the SiO2 /Si interface
around the central rotation axis, i.e.,r→0, as a function of
the thickness of the SiO2 matrix layer are shown in Fig. 6
We found that as the thickness of the SiO2 matrix layer in-
creases, the stress concentration ofs rr and suu in the Si
substrate gets stronger accordingly and the difference
tween the two sides of the SiO2 /Si interface also become
bigger, and as a result more strain energy would accumu
around the SiO2 /Si interface. Thus, in the nanocrystal sy
tem, under the same pressure, the delamination will oc
more easily for a thicker SiO2 matrix layer as compared with
the one in the nanocrystal system with a thinner SiO2 matrix.

In addition, our model can explain the seemingly confu
ing results for the high-pressure PL measurement on
Si/SiO2 /Si nanosystem in the literature.17 In that experiment,
a step change of PL peak shift with pressure around 12 k
3-6
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RAMAN SCATTERING INVESIGATION OF A . . . PHYSICAL REVIEW B69, 125333 ~2004!
was observed in the first pressure cycle only in sampleB
~with a SiO2 layer thickness of 1.6mm!, but not in sampleA
~with a SiO2 layer thickness of 0.83mm! in the whole range
below 46 kbar. Moreover, the observed pressure coeffic
of the PL peak energy of Si NCs samplesA andB has dif-
ferent values of20.4 and20.6 meV/kbar, respectively. Un
der the same pressure, the interface delamination is ap
take place with the thicker SiO2 matrix layer than with the
thinner one. Hence, on the Si/SiO2 /Si nanocrystal system
the considerable hysteresis~delamination! around 12 kbar

*Electronic address: eleteokl@nus.edu.sg
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FIG. 6. Calculateds rr andsuu near the SiO2 /Si interface atr
→0 as a function of the thickness of the SiO2 matrix layer.
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was observed in the first pressure cycle only in sampleB, but
not in sampleA. This is also consistent with our observatio
of the delamination of the SiO2 /Si interface at 23 kbar on a
Ge/SiO2 /Si nanocrystal system, with a SiO2 layer thickness
of 1.0 mm. The larger pressure coefficients~20.6 meV/kbar!
of the PL peak energy observed in sampleB in the second
pressure cycle than that (20.4 meV/kbar) of sampleA can
be ascribed to the pressure coefficient after the SiO2 /Si in-
terface delamination in sampleB, since the Si NCs experi
ence more compressive stress without the shielding of th
substrate.

CONCLUSION

In conclusion, we have investigated the Ge/SiO2 /Si nano-
crystal system by Raman scattering under hydrostatic p
sure. We found that the delamination between a SiO2 film
and a Si substrate occurs at;23 kbar due to the large dif
ference between the compressibility of the SiO2 matrix and
the Si substrate. The observed effect can be understoo
the nonhomogeneous distribution of the elastic field in
Ge/SiO2 /Si nanocrystal system. Moreover, the previous u
explained high-pressure PL results on the Si/SiO2 /Si nano-
crystal system can be explained by the nonuniform distri
tion of the elastic field. Although our investigation focus
on the Ge/SiO2 /Si nanocrystal system, our results could pr
vide a general understanding of the elastic properties of
ferent multicomponent nanocrystal systems.
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