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Resonant Raman scattering by acoustical phonons in GeÕSi self-assembled quantum dots:
Interferences and ordering effects
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We report on resonant Raman scattering by acoustical phonons in self-assembled Ge/Si quantum dot~QD!
structures. Continuous emission is observed in the low frequency range for a single QD layer. This scattering
is attributed to the breakdown of the wave vector conservation law due to the loss of translational invariance.
In samples containing a stack of two Ge QD layers separated by a Si space layer, we observed a strong low
frequency oscillating signal. We investigated the dependence of this signal on the spacing between the QD
layers. Raman spectra were calculated, considering the deformation potential interaction between acoustical
phonons and electronic states confined within the QD. These calculations account well for the experimental
data and demonstrate that the oscillations are related to interferences between the QD layers. The effects of
ordering and QD position correlation between layers on the interference contrast are discussed. It is shown that
the experiments presented here provide an interesting means of probing electronic confinement and organiza-
tion effects in QD structures.
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I. INTRODUCTION

Three dimensional confinement of electrons and phon
in semiconductor quantum dots~QD’s! has been extensivel
studied using such optical spectroscopy techniques as
sorption, photoluminescence, and Raman scattering.1 In most
of the published work the experimental data are analy
using a single QD picture. Many QD effects are usually
nored because in the case of diluted systems electron or
non tunneling is negligible. Therefore, it is widely consi
ered that a large ensemble of QD’s behaves as an ave
QD and that fluctuations in QD size, shape, and posit
result only in inhomogeneous broadening of confined opt
transitions as observed in light absorption and emission s
tra. This assumption becomes questionable when electr
acoustic-phonon interaction is considered. Indeed, excep
isolated particles where both electrons and phonons are
fined within the QD, acoustic phonons can extend over m
QD’s providing the QD and barriers have similar mechani
properties. In other words, the coherence length of acou
phonons can be comparable to the average distance bet
QD’s if scattering of sound waves, due to fluctuations of
acoustic impedance at the QD/matrix interface, is weak
that case, the emission or absorption of a given acou
mode via electron-phonon interaction implies many QD
As a result, correlations in QD positions should be manif
in low frequency Raman spectra as intensity maxima
minima, due to interferences between the scattering am
tudes associated with each QD. This is well known for se
conductor superlattices~SL’s! and multiple quantum wel
~MQW! structures where the superperiodicity leads to c
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structive interference only for acoustic phonons with Bra
wave vectors~diffraction!.2,3

In this paper, we report on resonant Raman scattering
acoustical phonons in self-assembled QD structures. Mos
the published Raman studies on self-assembled QD’s w
limited to the optical phonon frequency range.4–8 It was
demonstrated that valuable information about residual st
and chemical composition in the QD can be derived from
optical phonon Raman spectra.4,6,7 Raman scattering by
acoustic phonons in self-assembled QD’s was reported v
recently.9–11 References 9 and 10 deal with structures co
taining many QD layers, and the corresponding low f
quency Raman spectra display features similar to the o
observed in SL’s. In Ref. 11 we reported acoustic phon
Raman scattering in structures containing a single laye
InAs/InP QD’s. Periodic oscillations were observed and
tributed to the interaction between confined electronic sta
and standing acoustic waves due to the reflection at
sample surface. The oscillation period was shown to dep
greatly on the distance between the sample surface and
QD layer. The structures investigated here contain either
or two QD layers only. For the double QD layers we obse
strong oscillations of the low frequency scattering, which
interpret as interferences between the Raman scattering
plitudes of each QD layer. Calculations based on the in
action of acoustic phonons with electronic states confined
the QD are compared to the experimental data. At first sig
the low frequency oscillations we observe can be underst
in terms of short or finite size superlattice effects, similar
those reported by Dharma-wardanaet al.12 However, a de-
tailed analysis of the Raman scattering process shows
the strain-induced vertical correlation of QD positions13–15is
7243 ©2000 The American Physical Society
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7244 PRB 62M. CAZAYOUS et al.
a key feature for understanding our experimental finding
The paper is organized as follows. After a brief descr

tion of the growth and experimental procedures, we pres
our low frequency Raman scattering data. Calculations
reported and compared to the experimental data. We fin
discuss these results, with a special emphasis on QD or
ing.

II. EXPERIMENTS

Ge QD layers embedded in Si~001! were grown by solid
source molecular beam epitaxy at 700 °C. Details of grow
have been reported in Ref. 16. SampleA contains a single
QD layer obtained by a 5 monolayer~0.7 nm! Ge deposition
on a 400 nm Si buffer layer and capped by a 160 nm Si la
SamplesB, C, and D contain two QD layers~each corre-
sponding to the same deposition as sampleA) separated by a
Si interlayer. The interlayer thickness is 15, 30, and 60
for B, C, andD, respectively.

The structural characterization was performed by me
of transmission electron microscopy~TEM! ~conventional
and high resolution!. Figure 1 clearly demonstrates the se
alignment of the QD’s. This vertical correlation was show
to originate in the strain field induced by the subjacent isla
in the Si layer and to depend on the interlayer thickness.13–15

According to TEM, the actual interlayer thicknesses
samplesB, C, andD differ slightly from the nominally in-
tended ones. Indeed, TEM yields the following values for
spacingd (d includes the Si interlayer thickness and the 0
nm nominal Ge deposit!: 16.8, 32.8, and 62 nm~with an
accuracy of61 nm) for samplesB, C, andD, respectively.
As shown in Fig. 1~b!, the dots have the shape of flat, plan
convex lenses with a mean widthw of about 170 nm. The do

FIG. 1. Cross-sectional TEM images of sampleB showing~a!
two Ge QD layers and~b! a QD column along the growth direction
The images clearly demonstrate the vertical correlation betw
QD’s.
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height typically ranges from 7 to 8 nm.
Raman spectra were recorded in both optical and acou

cal phonon frequency ranges at room temperature using
eral Ar1 laser lines. The latter allow one to achieve exci
tion in resonance with theE1 transition of the QD’s. The
scattered light was dispersed by a T800 Coderg triple sp
trometer and detected with a photomultiplier. The incide
angle of the laser beam was set close to the Brewster an
Inside the samples the scattering configuration is close to
backscattering geometry due to the Si refractive ind
Samples were kept in vacuum in order to avoid air rela
Raman peaks in the low frequency range. Reference spe
were systematically recorded on a bulk Si~001! sample. In
this paper, we shall focus on Raman scattering by acous
phonons. Let us briefly mention, however, the main res
derived from the optical phonon spectra. These unamb
ously indicate that Si has diffused into the Ge dots. Sim
behavior has already been reported for high grow
temperatures.17,18 Following the procedure described in Re
4, we find a 70% Ge content in the dots.

Figure 2 shows low frequency Raman spectra recorded
samplesA, B,C, andD with the 476 nm laser line. Si refer
ence spectra are reported for comparison. The spectrum
sampleA exhibits continuous emission centered on the R
leigh scattering. In contrast with the monotonic variation o
served for sampleA, the spectra of samplesB, C, and D
display periodic oscillations in both Stokes and anti-Stok
regions. The oscillation period decreases when the spa
increases; the period forB, C, and D is 14.7, 8.4, and
4.7 cm21, respectively.

Figure 3 presents low frequency Raman spectra recor
on sampleC with laser lines between 2.4 and 2.7 eV. Than
to the small acoustic phonon energies, double resonance
ditions are nearly fulfilled. This provides us with a stron
low frequency signal as intense as the signal in the opt
phonon frequency range~not shown here!. The Raman inten-
sity increases with the excitation energy. The available la
lines do not allow us to surround the resonance totally. N
ertheless, theE1 transition is expected around 2.7 eV fo

n

FIG. 2. Low frequency Raman spectra of samplesA, B, C, and
D ~recorded with the 476 nm laser line at room temperature!. The
dashed lines are Si reference spectra.
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70% Ge content.19 Moreover, the oscillation period and spe
tral shape do not depend on the excitation energy in
range investigated. In fact, because the electrons and h
have large effective masses around theL point, the E1
confinement-induced energy shifts are negligible.19 There-
fore, selective excitation of a particularE1 sublevel is impos-
sible at room temperature.

III. CALCULATIONS

In order to account for the low frequency continuous sc
tering and periodic oscillations, we use calculations based
the interaction between bulklike acoustic phonon modes
confined electronic states.

It has already been shown that localization of the el
tronic states involved at resonance induces breakdown o
wave vector conservation law in the Raman scattering p
cess. As a result, scattering by phonon modes with w
vectors belonging to the whole Brillouin zone becomes
lowed. In the acoustic phononfrequency range, this is m
fest in the Raman spectra as a continuous scattering cen
around the excitation line. Its spectral shape strongly
pends on the electron~and hole! wave function as already
shown for single and multiple two-dimensional quantu
wells.20–22

In QD’s one has in principle to consider both the confin
ment along the growth axis and the lateral confineme
However, due to the particular shape and size of the Q
investigated here~the dot diameter is about one order
magnitude larger than the dot height!, we disregard the lat-
eral confinement, and thus solely consider the nonconse
tion of the wave vectorqz along the growth axis. We sha
reconsider this approximation and the effects related to
nonconservation of the in-plane componentqi below.

According to the experimental scattering geometry,
phonons involved in the scattering are longitudinal acou
~LA ! modes polarized along the growth axis.22 We approxi-
mate the displacement field of LA phonons propagat
along the growth direction by simple plane waves. Inde

FIG. 3. Raman spectra of sampleC recorded with excitation
energies 2.41, 2.54, 2.60, and 2.71 eV around resonance with thE1

transition.
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owing to the small acoustic impedance mismatch betwee
and Ge and the small number~one or two! of QD layers,
acoustic wave reflections at the Si/Ge interfaces can be
regarded here.23 The amplitudes of propagating waves ha
been obtained by considering continuity conditions for t
displacement field at the QD/Si interfaces. At a given f
quency, the wave vector in each material~QD or Si! depends
on the appropriate sound velocity. We consider a linear d
persion for the acoustical phonon frequencies. The QD~70%
Ge! longitudinal sound velocity is interpolated from the lo
gitudinal sound velocities in Si and Ge. According to Re
25 and 26,vSi59000 m s21 andvGe55000 m s21.

We consider deformation potential electron-phonon int
action and calculate the coherent superposition of the s
tering contributions from the two QD layers. We consid
two QD’s, each belonging to a different layer and locat
one above the other~this is equivalent to a double QW con
figuration, as lateral confinement is disregarded!. Assuming
that double resonance conditions are fulfilled, the Ram
scattering intensity for acoustic phonon emission is prop
tional to27,28

U(
l 51

2

qW uW qAnq11d~DkW i2qW i!E ei (Dkz2qz)zuw l~z!u2dzU2

,

~1!

where l is the QD layer index,qW and uW q are the three-
dimensional wave vector and amplitude of the propagat
LA wave, nq is the Bose-Einstein population factor andDkz

(DkiW ) is the difference between the incident and scatte
photon wave vectors along~perpendicular to! the growth
axis. Considering solelyl 51 or 2 allows one to calculate th
single QD layer spectrum. Because we assume perfect
dimensional QW’s, the wave vector conservation law is f
filled in the QW plane@d(DkiW2qiW ) in Eq. ~1!#, whereas
confinement along the growth direction results in noncons
vation ofqz as denoted by the integral term in whichw l(z) is
the confined electronic wave function. The latter is assum
to be totally confined within the QD~infinite barrier height!
and described by a cosine function~first confined state!.

IV. RESULTS AND DISCUSSION

Figure 4 shows the experimental spectra of the Q
samples~the same as in Fig. 2! subtracted from the Si refer
ence spectrum. Notice that, despite this subtraction, a sig
cant Rayleigh signal remains. The Raman spectra calcul
according to Eq.~1! are also shown. Calculations were pe
formed with the same QD heighth58 nm for all samples.
The values of the spacingd between the QD’s~from center
to center! used in the calculations~16.8, 31, and 60 nm for
samplesB, C, and D, respectively! are in good agreemen
with the ones determined by high resolution TEM. The c
culated spectra were convoluted with the spectral respons
our experimental setup (2 cm21 resolution!. Except for
simple scaling factors, no other adjustable parameters w
used.

Let us first discuss sampleA. For the single QD layer, one
obtains a continuous emission band. Its shape is mainly
termined by the Fourier transform of the probability dens
uw(z)u2 @Eq. ~1!#. Therefore, the spectral shape of the co
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7246 PRB 62M. CAZAYOUS et al.
tinuous emission depends greatly on the electron confi
ment in the QD, i.e., the QD height. These results are sim
to the ones reported for single QW’s.20–22Unfortunately, the
remaining Rayleigh signal hinders comparison with the
perimental spectrum.

For structures containing two QD layers~samplesB, C,
andD), strong periodic oscillations are obtained. They ori
nate from the coherent superposition of the scattering am
tudes associated with each QD layer. The maxima
minima correspond to constructive and destructive inter
ences, respectively. The oscillation period is determined
the spacingd and the sound velocities in the QD and
barriers. The model accounts quantitatively for the osci
tion dependence on spacing. As expected, the oscillation
riod decreases with increasingd. The spectral envelope o
the oscillating signal~samplesB, C, andD) is the continuous
emission spectrum calculated for the single QD la
~sampleA). The good agreement with experiment confirm
that the parameters we used (h58 nm and a 70% Ge con
tent! are appropriate. Notice that we considered the contri
tion of the first confined state only. In principle, excite
states should be taken into account. As pointed out ab
we cannot selectively excite particular confined states~in
contrast with resonant excitation measureme
performed20,22 on MQW’s!. However, we found that the
spectral shape of the low frequency scattering obtained
summing the contributions of many confined levels is ve
similar to the one presented here. This sum is equivalen
considering a uniform electronic distribution density with
the QD. The Fourier transform of this uniform distribution
similar to that of the first confined state.

At this stage one may wonder whether standing acou
wave effects, like those reported in Ref. 11, are import
here. Indeed, standing waves, extending into all the lay
may result from the superposition of two counterpropagat
waves (qz,0 andqz.0) due to the total reflection~100%!
at the sample surface. According to the Si cap layer thickn
(160 nm), interaction between the confined electronic sta
and standing acoustic waves~instead of plane waves! would

FIG. 4. Experimental and calculated low frequency Ram
spectra of samplesA, B, C, and D. A Si reference spectrum wa
subtracted from the experimental ones.
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result in an additional small oscillation period o
'0.8 cm21. The spectral envelopes of this rapidly oscilla
ing signal are the calculated spectra in Fig. 4. However, th
additional oscillations~if present! cannot be resolved with
our experimental setup despite its high resolution: one wo
observe only their envelope~i.e., our calculations!.29 From
an experimental point of view, we are thus not able to a
dress here whether or not the QD layers experience stan
acoustic waves. We did not include them in the calculatio
therefore.

Moreover, acoustic wave reflections at the Ge/Si int
faces were disregarded. If included, however, they would
change significantly the spectra presented in Fig. 4 beca
of the very small reflection coefficient ('1%) and the few
interfaces in our structures. For structures with many int
faces one has to take these reflections into account. A
matter of fact, it is well known that periodic doublet pea
are observed in the low frequency Raman spectra of su
lattices and multiple quantum wells. Their period depends
the sound velocities and the thicknesses of the lay
whereas the doublet splitting arises from interferences
tween partially reflected and transmitted waves at the m
interfaces.

Let us now discuss the interference contrast. The mo
accounts well for that observed for sampleB. However, for
samplesC and D, it predicts more pronounced oscillation
than those obtained experimentally. As a matter of fact,
double QW configuration considered in the calculations~two
QD’s one above the other, no lateral confinement! gives the
maximum contrast. Notice, however, that the calcula
spectra display nonzero minima. This is caused by three
fects that were taken into account in the calculations:~i! the
finite spectral resolution;~ii ! light absorption in the QD and
Si interlayer;~iii ! the frequency shift between the contrib
tions of the acoustic waves propagating toward the subst
(qz,0) and toward the surface (qz.0). These contributions
are considered independently:I (v5vuqzu)5I (2qz)1I (qz)
~no interferences!. Their shift depends onDkzd ~modulop).
~i! and ~ii ! only slightly reduce the oscillation contras
whereas~iii ! leads to a rather low calculated contrast f
sampleB ~Fig. 4!.

At this stage, to discuss further contrast, we should rec
sider the lateral electronic confinement in the QD’s. As
ready mentioned above, it induces nonconservation of
in-plane crystal momentum componentqi in the scattering.
The continuous emission spectrum thus depends also on
QD width. In our case, as the width is much larger than
height, the spectral shape of the continuous emission s
trum is not modified much, except close tov50. Indeed, as
the envelope depends on the activated phonon densit
states, for small wave numbers the continuous inten
should increase linearly withv for a three-dimensional dis
persion@calculations based on a one-dimensional dispers
v5vqz give a flat scattering intensity atvqz

50 ~Fig. 4!#.22

Notice, however, that because of the Rayleigh scattering
cannot address this experimentally.

Within a single QD layer, one has to consider the sup
position of the scattering contributions originating from a
the QD’s. However, as the QD’s are not ordered within t
plane, no well defined phase relationship exists between

n
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QD’s. Therefore, we do not expect interference effects
appear in the Raman spectra~spectrumA in Fig. 4!.

The interference contrast in a double QD layer depe
on the in-plane QD positions but also on the relative int
plane QD positions. To point out these dependencies
shall adopt the following simplified model. We consider
double QD layer, the QD’s being all identical~same size,
same single electronic state!. Their location is given byr j l

W

where j and l are the QD and layer index, respectively. A
suming that acoustic phonons can be described by p
waveseiqW •rW with isotropic dispersion, the Raman intensity
proportional to

[S11~qiW1S22~qiW !#F11ReS eiqzd
2S12~qiW !

S11~qiW !1S22~qiW !
D G ,

~2!

where

Sll 8~qiW !5 (
j l , j

l 8
8

eiq i
W
•(rW j l

2rW j 8 l8
). ~3!

S11(qiW ) andS22(qiW ) are structure factors related to the spat
correlation of the QD positions within layers 1 and 2, resp
tively, while S12(qiW ) is determined by the correlations in Q
positions between layers 1 and 2. As can easily be identi
in Eq. ~2!, the interference contrast is given by 2S12/(S11
1S22). When the quantum dots have identical positions
both layers~perfect correlation! S125S115S22 and the con-
trast is maximum.

For random~and different! distributions of the QD’s in
each layerS115S225N, whereN is the number of QD’s~per
layer! under the laser spot. In that caseS12 is vanishing ex-
cept for qi(r j 1

2r j
28
)!1. Assumingqi.p/w, w being the

average QD width,qi(r j 1
2r j

28
)!1 means that the in-plan

separation between QD’sj 1 and j 28 is much smaller than the
average dot size. Then the two quantum dots can be con
ered as located one above the other~i.e., separated byd),
which gives nonzero values forS12 and thus a nonvanishin
contrast. So, for given QD distributions in each layer, o
has to estimate how many QD’s are vertically aligned. If t
distributions are random one can show that this numbe
about N(w/ l̄ )2, where l̄ is the average distance betwe
QD’s. Then the contrast should be maximum for high Q
densitiesl̄ .w and should vanish for diluted systemsl̄ @w.

The average widthw deduced from our TEM measure
ments is 170 nm. According to atomic force microsco
measurements,16 the average distancel̄ is about 300 nm. So
if we assume random distributions of the QD’s in each lay
the contrast should be reduced by about 70% with respe
the double quantum well configuration~solid lines in Fig. 4!.
-
-

v

to

ds
r-
we
a

-
ne

s

l
c-

ed

in

id-

e
e
is

n
D

y

r,
t to

The comparison between calculated and measured Ra
spectra presented in Fig. 4 clearly shows that the obse
interference contrast is larger. As mentioned above,
double quantum well configuration assumed in the calcu
tions gives the maximum contrast since the in-plane dis
bution of the electronic densities in both QW’s is unifor
and therefore perfectly correlated. The strong interfere
contrast we observe is thus inconsistent with uncorrela
random distributions of the QD’s within each layer. In fac
TEM measurements demonstrate the vertical QD posi
self-alignment in our samples. Therefore the strong osci
tion contrast of the low frequency Raman spectra obtai
on our double QD layers is likely the signature of QD orde
ing along the growth axis. According to their spacin
samplesB, C, andD have a high degree of position align
ment ~see Ref. 15!. For larger spacings15 (d.100 nm) we
expect the contrast to decrease.

In our discussion, we assume two layers with identi
QD’s ~size and composition!. Size fluctuations should lowe
the interference contrast. In fact, recent photoluminesce
data16 show that the QD Ge content could be slightly diffe
ent in the two layers. This difference would also reduce
interference contrast. As a matter of fact, however, accord
to the compositional and size dependencies of theE1 gap,
these effects should be weak. It is worth emphasizing t
despite all possible differences between QD’s, we observ
interference contrast almost as strong as in the double-
case~i.e., the correlated dot case!.

V. CONCLUSION

Nonconservation of crystal momentum is a key feature
resonant Raman scattering in low dimensional structu
i.e., those involving localized electronic states. Indeed, d
to the lack of translational invariance, acoustical phonons
Raman active.

We observed the corresponding continuous emission
resonant Raman spectra of a single QD layer structure
spectral shape was shown to depend on size and dimen
ality, i.e., electronic confinement. We showed that interf
ences occur in the acoustical phonon frequency range
double QD layer structures. The interference oscillation
riod is determined by the spacing between the layers and
envelope corresponds to the continuous emission obse
for a single QD layer.

These interferences are observed because our sample
hibit vertical QD position self-alignment. The interferenc
contrast indeed depends on the QD position correlation
tween layers: it is maximum for perfect correlation. Reson
Raman scattering thus offers an interesting means of pro
self-organization effects in QD layer structures. We pred
significant changes in the low frequency Raman spectra
occur as a function of QD self-organization in plane and
along the growth direction.
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