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Effects of hydrostatic pressure on Raman scattering in Ge quantum dots

K. L. Teo,1,* L. Qin,2 I. M. Noordin,1 G. Karunasiri,1 Z. X. Shen,2 O. G. Schmidt,3 K. Eberl,3 and H. J. Queisser1,3

1Department of Electrical and Computer Engineering, National University of Singapore, Singapore 119260
2Department of Physics, National University of Singapore, Singapore 119260

3Max-Planck-Institut fu¨r Festkörperforschung, Heisenbergstrasse 1, 70569 Stuttgart, Germany
~Received 16 August 2000; revised manuscript received 6 November 2000; published 7 March 2001!

Raman scattering under hydrostatic pressure is used to investigate the phonon modes of self-organized Ge
quantum dots~QD’s! grown by solid source molecular-beam epitaxy. The pressure dependence of Ge-Ge
phonon and Si acoustical-overtone~2TA! modes are studied from 0 to 67 kbar at room temperature. Our results
show that the overlapping spectra of the Ge-Ge phonon and Si 2TA modes occur around 303 cm21 at ambient
pressure which can be resolved at relatively low pressure of about 3 kbar. The linear pressure coefficient of
Ge-Ge phonon mode in QD’s is found to be 0.29 cm21/kbar, which is slightly smaller than the corresponding
quantity in bulk Ge.
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In recent years the spontaneous formation of Ge isla
on Si~001! surfaces has attracted considerable attention s
the material combination constitutes a model system to st
a variety of fundamental nucleation phenomena in
Stranski-Krastanov growth mode.1–5 Information on the ex-
act shapes and sizes of nanostructures on a surface is
tively easy to obtain and deep insight has been gained
many aspects of the islands’ formation process.1–5 For any
optoelectronic6,7 or electronic6,8 applications, though, Ge is
lands must be overgrown with Si. The shape of the isla
can change dramatically during this overgrowth step3,9 and
only little is known about the resulting islands’ strain a
composition state. One of the most powerful methods to
cess information on strain in embedded nanostructures is
man scattering spectroscopy.

There has been a great deal of effort made, where Ra
scattering spectroscopy has been used to study the ph
modes in single-layered Ge dots,2,4,10–13 Ge multilayered
dots5 as well as Ge dot superlattices,14–16 to predict the pho-
non confinement and strain effects due to size dependen
ambient pressure. Raman scattering at high pressure o
an attractive means for investigating phonon properties
solids. Besides the reduction of atomic spacing, the effec
pressure will also reduce the strain in Ge layers due to
difference between the bulk moduli of Si and Ge. Althou
Raman studies on the effect of hydrostatic pressures h
been reported on optical phonon of bulk Ge,17,18 Si-Ge
alloy,19 Si12xGex superlattces,20 and GenSim monolayer su-
perlattices~MLS!,21 there has been no investigation of R
man studies in Ge QD’s under pressure. Hence, in this pa
we report the results of Raman scattering of self-organi
Ge QD’s under hydrostatic pressure.

The sample for Raman investigations was grown by so
source molecular-beam epitaxy onn2-Si~001! substrates and
undergoes the following growth procedure: Deoxidation
900 °C, growth of a;400 nm Si buffer layer while ramping
the growth temperature down to 500 °C, followed by
monolayers~ML ! Ge and a 160 nm thick Si cap layer.
growth interruption of 5 s is introduced between the Ge an
Si layers. Typical growth rates of 1.2 and 0.07 Å/s are u
for Si and Ge respectively.5,13 The sample for atomic-force
0163-1829/2001/63~12!/121306~4!/$15.00 63 1213
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microscopy~AFM! follows an almost identical growth pro
cedure except that the Si cap layer is left out and the
deposition is 5.8 ML instead of 7 ML.

Figure 1 shows a 0.830.8mm2 AFM scan of nominally
5.8 ML, Ge quantum dots grown at 500 °C. The image
veals very small pyramidlike Ge islands~so-called ‘‘hut
clusters’’! of diameters;20 nm. This is consistent with the
fact that large pyramids and domes usually form at h
temperatures, whereas the much smaller hut clusters nuc
at lower temperature.13

Pressure-dependent measurements were carried out
a gasketed diamond-anvil cell~DAC!. The pressure medium
is a 4:1 methanol/ethanol mixture. In order to accommod
the limited dimensions of the space available in the DAC
small sample with dimensions of;1003100330mm3 was
prepared by mechanical polishing and cutting. The app
pressures were determined by the standard method of m
toring the shift of the rubyR1 line.22 Micro-Raman light-
scattering experiments were performed in backscattering
ometry at room temperature using the 488 nm line from
argon-ion laser. The scattered light was passed throug
holographic notch filter, and then analyzed using a 1-m sp

FIG. 1. A 0.830.8mm2 AFM scan of a 6 ML Ge QD’s layer
grown silicon substrate at 500 °C.
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trometer equipped with liquid-nitrogen-cooled multichann
CCD detector. The signal collection time of about 30 min
used for the measurement.

We have used different polarization configurations
cording to selection rules to distinguish the signals from
dot sample and the Si substrate. A similar approach has b
employed in Ref. 23. All the spectra were taken with t
same data accumulation time. Figure 2~a! shows the spec
trum taken from the Si substrate in the 001(110,110)0¯
backscattering geometry as to enhance the Si acoustic
non peak at;303 cm21. As expected the Si acoustic phono
peak is suppressed in the 001(100,010)001¯ backscattering
geometry as illustrated in Fig. 2~b!. Figure 2~c! shows the
spectrum recorded in the 001(100,010)001¯ backscattering
geometry from the sample as to minimize the Si acou
phonon peak. The fact that the line shape and the intensi
the peak at;300 cm21 from the sample@Fig. 2~c!# are quite
similar to the acoustic-phonon peak from the Si substr
@Fig. 2~a!#, makes it hard to conclude whether the peak
;300 cm21 in Fig. 2~c! is due to Ge-Ge mode in the QD’s
Figure 2~d! shows the spectrum taken in th
001(110,110)001̄backscattering geometry from the samp
in order to enhance the Si acoustic phonon peak. The i
grated intensity of the peak at;301 cm21 is about a factor of
2 stronger than the peak observed at 300 cm21 in Fig. 2~c!.
We may conclude that the Ge-Ge Raman line from the qu
tum dot sample contains the contribution from the Si aco
tic phonons. In addition, we argue that the Ge-Ge modes
mainly from their Ge dots rather than their Ge wetting laye
This is because in the 001(100,100)001¯ configuration, the
signals from the Ge wetting layers are forbidden according
the selection rules.24 This point is confirmed by the fact tha
in this configuration, we found the intensity of Ge-Ge mo
in our sample does not change much compared with tha
the 001(100,010)001¯configuration.

FIG. 2. Raman spectra of the sample and the subst
under different polarization configurations:~a! substrate:

001(110,110)001̄, ~b! substrate: 001(100,010)001,̄ ~c! sample:

001(100,010)001̄, and~d! sample: 001(110,110)001.̄
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Figure 3 shows the Raman spectra of Ge QD’s measu
at various pressures up to 67 kbar. At ambient pressure
sharp peak at 521 cm21 ~linewidth limited by the spectrom-
eter resolution! has the same frequency as that of optic
phonon peak in bulk Si. The broader peak at 303 cm21 is
tentatively assigned to Ge-Ge vibrational mode in QD’s a
its integrated intensity is over an order of magnitude wea
than the intensity of Si~521 cm21!. The peak at 419 cm21

may be due to Si-Ge interface phonon mode localized at
surfaces of the Ge quantum structures16 or could possibly
due to Si-Ge intermixing in the islands.2,4,10,11 In our case,
the islands are grown at relatively low temperatur
;500 °C, and therefore the strain-driven alloying of Ge clu
ters may not be very pronounced.4 The exact value for the
degree of intermixing is not available. However, it is like
that there is more than 70% Ge in the dots. In addition,
Si-Si vibrational mode seen at 435 cm21 suggests the exis
tence of strain in Si underneath of the dots induced by the
dots.15 With increasing pressure, the first-order Si Ram
peak shifts to higher frequencies with a pressure coeffic
of 0.52 cm21 kbar21, which ~see Fig. 4! can be used as a
internal measure of the pressure.25

It has been shown above and also reported by sev
authors20,21,23,26that the peak at;303 cm21 could be made
up of contributions from the Ge-Ge phonon mode and the
acoustic-phonon mode. At ambient pressure, these two p
non modes are hardly resolved, as shown in Fig. 3. As p
sure increases, the spectrum at;303 cm21 appears to
‘‘split’’ into two peaks. Pressure causes the lower wav

te

FIG. 3. Room-temperature Raman spectra at various press

for the Ge QD’s taken in the 001(100,2)001̄ configuration.
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number peak to redshift and the higher wave-number pea
blueshift. At higher pressure, the two peaks are clearly se
rated. We identify the higher peak to be due to Ge-Ge p
non modevGe from the QD’s and attribute the lower peak
acoustical overtone 2TA(X) and possibly, 2TA~(! phonons,
vSi-2TA , ~abbreviated as Si-2TA! in Si.25 We have made a
deconvolution of these two peaks in order to obtain th
peak positions and linewidths as a function of pressure.
results are shown in Fig. 4. Solid lines represent lea
squares fit of quadratic functions to the data as given by E
~1! and ~2!:

vGe~p!5~308.560.4!1~0.2960.03!p

1~0.260.4!31024p2, ~1!

vSi-2TA~p!5~30661!2~0.5260.05!p

1~3.760.7!31024p2, ~2!

wherep is in kbars and the frequenciesv are measured in
cm21. The inset in Fig. 4 shows the linewidthsG of Ge-Ge
phonon and Si-2TA phonon modes as a function of press
The fitted linear relations forG in cm21 are given by

GGe~p!5~7.960.4!1~0.17760.008!p, ~3!

GSi-2TA~p!5~8.460.2!1~0.13560.006!p. ~4!

Our results show that the Ge-Ge phonon frequency in
QD’s is ;308.5 cm21 at 0 kbar as compared with that from
bulk Ge at 300 cm21. A blue shift of 8.5 cm21 indicates the
presence of compressive strain in the Ge QD’s due to
lattice mismatch between Ge and Si. It is known that
Ge-Ge phonon frequency in QD’s or nanocrystals can
shifted by phonon confinement in addition to strain effec

FIG. 4. Raman shifts as function of pressures for Si subst
~solid circles!, Ge-Ge mode~open squares! and Si-2TA mode~solid
triangles!. The solid lines correspond to the quadratic fits to t
experimental data. The inset shows the Ge linewidth~solid squares!
and Si-2TA mode~open circles! as functions of pressures and th
solid lines correspond to the linear fits to the experimental data
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The compressive strain leads to an upward shift of the Ge
mode, while phonon confinement effect leads to a downw
shift.27 If we assume the phonon confinement effects are n
ligible in the Ge QD’s, then a biaxial strain28 of about 2.1%
is needed for a Raman shift of 8.5 cm21. For pseudomorphi-
cally grown Ge on Si substrate, the compressive strain in
Ge layer is nominally equal to 3.8% which is the lattic
mismatch between Si and Ge. In quantum dot structures,
lattice-mismatch-induced strain is partially reduced and n
uniform across the structure as a result of island formatio11

We note that Seonet al.21 have observed similar effects o
hydrostatic pressure in resolving the Ge-Ge mode and
2TA mode in the GenSimMLS, at a pressure.16 kbar, under
off-resonant condition with theE1 transition in Ge. The in-
tensity of the Si-2TA is weaker than the Ge-Ge mode for
the pressures up to 67 kbar in their case. Our results in Fi
show that the two peaks can be resolved at relatively
pressures~,3 kbar!, and the intensities of the Ge-Ge mod
and the Si-2TA are about the same for pressures up to
kbar. In the case of MSL, the stress in Ge layers is biaxia
nature with elongation along the growth direction. On t
other hand, the quantum dots are compressed along al
three directions similar to that of an applying a hydrosta
pressure. Thus, the presence of a higher degree of com
sive strain in QD’s as compared to MLS at ambient press
could facilitate the separation of the two peaks in the
QD’s when a relatively small pressure is applied.

The pressure coefficient (a50.29 cm21 kbar21) for the
Ge-Ge mode frequency in the QD’s is found to be sligh
smaller than in the bulk Ge (a50.402 cm21 kbar21).17 This
can be explained as follows. The in-plane lattice constan
Ge layers is compressed to match with that of the surrou
ing Si. Since Ge has a smaller bulk modulus than Si, the
layers will show a smaller change in the in-plane lattice co
stant than the Si for a given applied pressure. This is
pected to happen in GenSim MLS.21 Additionally, we expect
a further reduction of strain in the Ge QD’s since the latt
dilation for the Ge layers along the growth direction will als
be constrained by the surrounding Si. Therefore, the
QD’s will exhibit a much smaller deformation than the bu
Ge as well as the GenSim MLS, when subjected to the sam
pressure. The appearance of Si-2TA mode is possibly du
strain in the Si layer around the Ge dots.23

It is noteworthy that the linewidth of the Si-Ge mod
observed at 419 cm21 in Fig. 3 at ambient pressure, broade
and the peak blueshifts with pressure. Unfortunately, we
unable to give a quantitative analysis on this peak as
signal becomes smeared out and buried under noise at
pressure. This could be due to inhomogeneous strain a
Ge/Si interface of the QD’s.

In summary, effects of pressure on the Raman spect
of Ge QD’s are examined. Pressure-induced phonon sh
clearly resolved the Ge-Ge mode in QD’s and Si acou
mode at relatively low pressure. Our results show that str
is the dominant effect in the Ge QD’s. The pressure coe
cient for the Ge-Ge mode frequency in QD’s is smaller th
the corresponding quantity in bulk Ge.
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