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Raman scattering of Ge dot superlattices
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Abstract. Self-organised Ge dot superlattices grown by molecular beam epitaxy of Ge and Si layers utilizing
Stranski-Krastanov growth mode were investigated by Raman spectroscopy. An average size of Ge quantum
dots was obtained from transmission electron microscopy measurements. The strain and interdiffusion of
Ge and Si atoms in Ge quantum dots were estimated from the analysis of frequency positions of optical
phonons observed in the Raman spectra. Raman scattering by folded longitudinal acoustic phonons in the
Ge dot superlattices was observed and explained using of elastic continuum theory.

PACS. 78.66.Db Elemental semiconductors and insulators – 78.30.Am Elemental semiconductors and
insulators – 63.22.+m Phonons in low-dimensional structures and small particles

1 Introduction

Semiconductor zero-dimensional (0D) structures have at-
tracted growing interest because they show optical and
electronic properties much different from bulk solid state
materials [1,2]. A number of techniques such as quantum
dot formation in solvents [3], in glasses [4], through col-
loidal chemistry [5] was used for the fabrication of these
structures. Recently, molecular beam epitaxy (MBE)
of several combinations of lattice mismatched materials
such as InGaAs/GaAs, InP/InGaP, Si/Ge in Stranski-
Krastanov growth mode has lead to self-assembling of
quantum dots (QD’s) [6]. At the same time the under-
standing of optical phenomena in the structures with QDs
still requires significant theoretical and experimental ef-
fort. It is expected that these periodical structures con-
taining QDs combine the properties of 0D and 2D sys-
tems. The self-assembling growth of Ge dot superlattice
is considered as an effective method for the design of op-
toelectronic devices due to its compatibility with silicon
technology.

Recently, it has been established that Stranski-
Krastanov growth mode leads to formation of pseudo-
morphic Si/Ge 2D systems (superlattices) at the nominal
thickness of Ge d1 ≤ 6 Å while the growth of the strained
dislocation- free Ge QD superlattices was found to be pre-
dominant up to a nominal thickness of 20 Å [7]. Further
increasing thickness causes a strain relaxation in the struc-
ture with an appearance of mismatch dislocations.

In this paper we report on Raman studies of self-
organised Ge dot superlattices.

a e-mail: a.milekhin@physik.tu-chemnitz.de

2 Experimental details

Samples were grown by MBE on (001)-oriented Si
substrates covered by 200 Å Si buffer layer. The growth
temperature of the silicon layers was 800 and 500 ◦C be-
fore and after deposition of Ge layer, respectively. The
Ge quantum dot layers were grown at 300 ◦C. The set
of samples under investigation consists of Ge and Si lay-
ers with nominal thicknesses presented in Table 1. The
samples C and K were delta-doped with boron atoms
(NB = 3 × 1011 cm−2) in the middle of 200 Å Ge
layers.

For the characterisation of structural parameters of
QD’s high-resolution transmission electron microscopy
(HRTEM) measurements were performed. The HRTEM
images were obtained using a transmission electron mi-
croscope CM20 FEG Philips with Gatan imaging filter
GIF 200.

The Raman scattering experiments were performed
at T = 80 K using the 514.5 nm line of an Ar+ with
a power of 100 mW. The scattered light was analysed
in a backscattering geometry using a Dilor XY triple
monochromator equipped with a CCD camera for mul-
tichannel detection. The scattering geometries employed
were z(xx) − z and z(xy) − z with x, y, z parallel to the
[100], [010] and [001] directions, respectively. The resolu-
tion was 2.9 cm−1 over the whole spectral range.

3 Results and discussion

In order to validate the formation of quantum dots
cross-sectional HRTEM experiments were performed. A
HRTEM image of sample I which is considered as a typical
Ge QD superlattice is presented in Figure 1. Even though
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Table 1. Sample description.

Sample Nominal Nominal Number of Doping

Notation thickness of thickness of periods existence

Ge layer, Si layer,

d1/Å d2/Å

A 6 100 10 -

B 11 100 10 -

C 11 200 10 δ-doping

NB = 3× 1011 cm−2

D 14 15 10 -

E 14 25 10 -

F 14 45 10 -

I 14 125 10 -

K 14 200 10 δ-doping

NB = 3× 1011 cm−2

Fig. 1. HRTEM image of the sample I. Light region show the
Si layers, dark regions are the Ge dot layers.

the high density of Ge QDs in the layer overlapping in the
HRTEM picture prevents the distinct observation of sin-
gle QDs the dot base size was found to be approximately
15 nm with a QD height of 1.5 nm. Similar samples with-
out Si cap layer were also examined ex situ with scanning
tunneling microscopy [8] and show the same structural pa-
rameters of QDs. The quantum dots are pyramidal with
base orientation along [100] and [010] directions. The side
facets are formed by {105} planes. The real density of the
dots was estimated to be 3 × 1011 cm−2. The dot unifor-
mity is about 20%.

A typical Raman spectrum of Ge dot superlattice is
shown in Figure 2. The strong peaks in the spectrum at
319, 417 and 522 cm−1 correspond to Ge- Ge, Ge-Si vibra-
tional modes and the Si phonon predominantly from the
substrate, respectively. The broad feature at 494 cm−1

is attributed to local Si-Si vibrations in the SiGe alloy
formed at the interface. The shoulder at about 410 cm−1

will be discussed later on. The inset to the figure shows
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Fig. 2. Typical Raman spectrum of the Ge dot superlattices
(sample I) measured in z(xx)− z geometry at a temperature
of 80 K. The inset shows the acoustic folded doublets.

the Raman spectrum in the low frequency spectral range
where four doublets (m = ±1, ±2, ±3, ±4) with de-
creasing intensities can be seen. These doublets were as-
signed to scattering by folded longitudinal acoustic (LA)
phonons. They result from the artificially introduced peri-
odicity d along the growth direction. Similar features have
been investigated in semiconductor superlattices with con-
tinuous 2D layers [9–11]. The new periodicity produces
a Brillouin minizone (with the maximum wave vector at
the zone edge of qmax =

π

d
) much smaller than the initial

Brillouin zone (with qmax =
π

a
, where a is the lattice pa-

rameter). The resulting acoustic phonon dispersion can be
obtained by the folding of original dispersion curve into
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Fig. 3. Raman spectra of the samples A-I measured in z(xy)−z
and z(xx)−z geometries in the spectral range of the Ge optical
vibrations (solid and dotted lines, respectively) at a tempera-
ture of 80 K.

the minizone. The acoustic phonon dispersion curves in
the structure and thus the doublet frequency position can
be calculated using the elastic continuum model [12]:

cos(qd) = cos
(
ωd1

ν1

)
cos
(
ωd2

ν2

)
− k2 + 1

2k
sin
(
ωd1

ν1

)
sin
(
ωd2

ν2

)
(1)

where k =
ν1ρ1

ν2ρ2
; d = d1 +d2; d1 and d2, ρ1 and ρ2, ν1 and

ν2 are the thickness, density and sound velocity in Ge and
Si layers, respectively.

Let us consider optical and acoustic spectral regions in
detail.

3.1 Optical region

Figure 3 shows Raman spectra of the samples under in-
vestigation in the spectral range of optical phonons in Ge
measured in different scattering geometries. According to
the selection rules for Raman scattering for these superlat-
tices the odd confined longitudinal optical (LO) phonons
can be seen in z(x, y)− z scattering geometry while only
LA phonons are observable in z(x, x) − z geometry. The
dominant feature in the Raman spectrum of sample A
measured in z(x, y) − z geometry was attributed to the
first confined (LO1) phonon within Ge dot layer. The Ra-
man peak at 307 cm−1 observed in z(x, x) − z geometry
is interpreted as second-order scattering by 2TA phonons
originating from the X or (and) Σ points of the Brillouin
zone in Si layers or (and) Si bulk [13]. The broad shoul-
der observed in the spectra of all samples measured in

z(x, x)− z geometry at the same frequency confirms this
interpretation. For the samples B-K where the formation
of QDs is expected the selection rules valid for Si/Ge su-
perlattice are not any more fulfilled. Raman spectra of
these samples reveal the LO1 phonons in z(x, x) − z ge-
ometry. One can see from Figure 3 that the frequency po-
sition of the Ge optical phonon is shifted towards higher
frequencies with respect to its bulk value (304 cm−1) up
to 11 cm−1 and 15 cm−1 for samples A, D, E and F, B,
I respectively. At least three physical origins can cause a
frequency shift of optical phonons.

One of the reason for a shift towards higher frequency
is strain in Ge. The lattice mismatch of Ge and Si lat-
tice parameters leads to a tensile strain in z direction and
a compressive strain in the xy plane. The strain-induced
shift of the optical phonon frequency position can be es-
timated by the equation [14]

∆ω =
1

2ω
[ρεzz + q(εxx + εyy)] = 17 cm−1, (2)

where ω is the frequency of optical phonon in bulk Ge,
p, q are the deformation potentials of the optical phonon
in Ge, εxx, εyy, εzz are the diagonal components of the
strain tensor. The parameters further used in the calcula-
tion were taken from reference [15].

A second reason for a shift but in an opposite direction
is the confinement effect of optical phonons which is rather
well investigated and understood in semiconductor super-
lattices [16]. The spatial limitations of SL layers cause a
shift of optical phonons towards lower frequency. The con-
finement effect is most pronounced for sample A with the
minimal thickness of the Ge layer. However, the shift due
to confinement determined from the dispersion of optical
phonons in Ge does not exceed 5 cm−1. The influence of
confinement effect is not significant for the other samples.
Due to larger nominal thickness of the Ge layers this shift
should be about 2 cm−1 because of a rather flat disper-
sion of Ge optical phonons near the centre of the Brillouin
zone. Moreover, due to Ge QD formation the real height of
QD exceeds the “nominal” value which leads to further re-
duction of the confinement-induced shift. Confinement in
the xy plane should not play any significant role because
of a rather large dot base size.

The atom intermixing (alloying) at the Si/Ge inter-
face is considered as an additional reason which may con-
tribute to the shift of the Ge-Ge mode towards lower
frequencies due to the partial strain relaxation. The fre-
quency position of the Ge-Si vibrational mode allows the
atomic intermixing to be estimated. It strongly depends
on the alloy composition while strain may induce minor
shifts to lower frequency of 3 cm−1 [9]. Raman spectra of
the investigated samples measured in both scattering ge-
ometries in the spectral range of the Ge-Si vibrations are
shown in the Figure 4. The feature in the Raman spec-
trum of the sample A at 423 cm−1 corresponds to the
Ge-Si vibrational mode existing at an almost abrupt in-
terface, i.e. negligible intermixing, in an ideally strained
superlattice [17]. Its frequency position is shifted markedly
towards lower frequencies for the samples with QDs. One
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Fig. 4. Raman spectra of the samples A-I measured in z(xy)−z
and z(xx)− z geometries in the spectral range of the Ge-Si vi-
brations (solid and dotted lines, respectively) at a temperature
of 80 K.

can see that the difference in the frequency position of
this mode for the samples A and D,E is about 11 cm−1

which is obviously much larger than the strain contribu-
tion mentioned above. Therefore, atomic intermixing in
the interface region is very likely to be responsible for
the shift of the interfacial Si-Ge vibrational mode and
causes an additional shift of the Ge-Ge mode because
of strain relaxation in an interfacial region. Assuming
that a graded interface-involving in two atomic layer is
formed and taking the masses of atoms at the Si-Ge and
Ge-Si interfaces as mSi−Ge = (1 − x)mGe + xmSi and
mGe−Si = (1 − x)mSi + xmGe the maximal intermixing
was estimated as x = 0.09 in samples D, E and x = 0.04
in sample F, B, I [9]. The shoulder observed at the low fre-
quency side in the Raman spectra measured in z(xx) − z
geometry can be explained on the basis of theoretical cal-
culations of interface intermixing by transverse optical vi-
brations which appear due to LO-TO splitting of the alloy-
like Ge-Si vibrational modes [17].

Taking into account all these factors it allows the strain
in the samples to be estimated. For the case of samples F,
B, I the experimentally observed shift reaches a value of
15 cm−1 (Fig. 3) that corresponds to almost fully strained
Ge QDs. The compressive strain of Ge bonds estimated
from this shift using equation (2) is 4%. The strain in
samples D and E is partially relaxed in the interface region
with x = 0.09 and corresponds to 2.8%.

3.2 Acoustical region

As mentioned above the folded acoustic phonons in semi-
conductor superlattices are well investigated and under-
stood. Nevertheless, data on the behaviour of acoustic
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Fig. 5. Raman spectra of the sample K measured in z(xx)− z
and z(xy)−z geometries in the in the acoustical spectral range
(lower panel). The top panel shows the calculated dispersion
of LA phonons.

phonons in structures with quantum dots is still lacking.
As far as we know the folded acoustical phonons were
detected recently only in periodical structures contain-
ing GaAs and AlAs QDs in an InAs matrix [18]. Here
we demonstrate our results concerning folded acoustic
phonons in Ge QD superlattices.

Figure 5 and Figure 6 show the Raman spectra of sam-
ples C and K measured in the acoustical spectral range
in z(xx) − z and z(xy) − z scattering geometries. In
agreement with the selection rules Raman spectra mea-
sured in z(xy) − z geometry are featureless. Folded LA
phonons are observed up to 7th order in z(xx) − z ge-
ometry. The frequencies of the observed doublets of all
samples are shown in Table 2. Using (1) we calculated the
dispersions of acoustic phonons which are also presented
in Figures 5 and 6. The frequency positions of folded LA
phonons were determined at a scattering wave vector of
qs ≈ 4πn/λL = 1.054 × 106 cm−1, where λL is the laser
line (514.5 nm), n is the refractive index (n ≈ 4.33 for
Ge and Si at 514.5 nm). The best agreement of calcu-
lated and experimental data was obtained for parameters
ρ1 = 5.36 g/cm3, ρ2 = 2.33 g/cm3, ν1 = 4.9 × 105 cm/s
and ν2 = 8.44× 105 cm/s which are equal to those taken
for the calculation of Si/Ge superlattices [11]. Period of
structure obtained from the calculation is 229 Å and 238 Å
for samples C and K, respectively, that exceeds the nom-
inal thickness by about 10%. This discrepancy may be
caused by a slight deviation of growth parameters during
MBE process or by fluctuation of layer thicknesses due
to formation of the Ge quantum dots. Nevertheless, one
can see that the model of elastic continuum which is usu-
ally used for the description of the acoustic spectrum of
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Table 2. The experimental frequency positions of the folded LA phonons in Ge/Si structures.

Frequency position of the folded LA doublets/cm−1

sample −1 +1 −2 +2 −3 +3 −4 +4 −5 +5 −6 +6 −7 +7

D 78 84

E 57.4 64.4

F 37 45 75 81

A 28 40 51 62 74 84 95 104 125

B 27 50 67 75 88 97

I - 34 43 53 61 71 77 92 100

C 15.5 17.4 27 29 38.4 40.8 49.8 51.8 60.8 63.8 71.8 74.8 82.3

K 28 31.4 40 43.1 52 55 63.9 68 75 80.5 87 92
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Fig. 6. Raman spectra of the sample C measured in z(xx)− z
and z(xy)− z geometries in the acoustical spectral range. The
top panel shows the calculated dispersion of LA phonons.

semiconductor superlattices is fairly well applicable to the
periodical structures containing QDs.

4 Conclusion

We present the results of a Raman scattering study of self-
organized Ge dot superlattices. The adequate description
of the vibrational modes of these structures requires the
confinement effect, strain and atomic intermixing to be
taken into account. Strain and atomic intermixing in the
structures was estimated from the analysis of Ge-Ge and
Ge-Si phonon features. A number of doublets was observed
in the acoustic spectral range which were assigned to the
folded LA phonons. It was shown that the acoustic vibra-
tions in the Ge dot superlattice can be well described by
elastic continuum model.
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