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Abstract. We present a Raman scattering study for self-organized Ge dots on Si substrate. By means
of difference Raman spectroscopy technique, we have separated the Raman signals from the Ge islands
and Si substrate. The wetting layer thickness and strain were estimated from the line width and peak
frequency. The estimated wetting layer thickness values are comparative with the Ge dot height obtained
from microscopy measurements. The strain is decreased with an increase of the thickness.

PACS. 78.30.Am Elemental semiconductors and insulators – 78.66.Db Elemental semiconductors and
insulators – 63.22.+m Phonons or vibrational states in low-dimensional structures and nanoscale materials

In recent years the self-organized quantum dots have at-
tracted much attention due to their important technolog-
ical applications in nanoelectronics and photonics [1]. Ra-
man spectroscopy is a good tool to study strains and sizes
of nanostructured islands [2,3]. As regards Ge on Si sub-
strates, however, a discussion has been raised by Kolobov
and Tanaka concerning whether one can make unambigu-
ous conclusions from the Raman spectra for Ge layers
on Si substrates [4–8]. The problem lies in the presence
of signals from Ge (one-phonon signal) and Si substrate
(process involving two acoustic phonons) in the same fre-
quency region. In this paper, we would show that it is
possible to separate the signals from Ge dots and Si sub-
strate, and also that one can get information about strain
and thickness of Ge islands even for thin Ge layers.

The experimental samples in the present study were
prepared by solid source molecular beam epitaxy (MBE)
system. It consists of a buffer layer of silicon with a thick-
ness of about 50 nm, grown on Si(001) substrate, followed
by the deposition of Ge. The substrate temperature was
about 300 degree. The growth rate for all samples is about
0.05 nm/s. The self-organized Ge dots were character-
ized by atomic force microscopy (AFM). The dots show
a quasi-pyramidal shape. The average size in the growth
plane was 30–40 nm for the samples N 264, N 266 and
40–50 nm for the samples N 265, N 267. The average dot
height was 0.8, 1.2, 1.5 and 4.2 nm for the samples N 264,
N 265, N 266 and N 267, respectively. The density of Ge is-
lands is high. The AFM images show that the Ge islands
overlap. The cross-section picture for the sample N 265
(for example) is presented in Figure 1. There is no free
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Fig. 1. Cross-section in AFM picture for the sample N 265:
the behavior of the height on lateral coordinate.

substrate surface without Ge. Therefore, one can consider
that the Ge system is a film with changing thickness. So,
the thickness of Ge layer changes from minimum thick-
ness to maximum one (equal to minimum thickness plus
dot height).

The Raman spectra were measured at room tempera-
ture using a Dilor XY spectrometer with a charge-coupled
device detector. The spectra were recorded in the z(x, y)z̄
backscattering geometry. All the spectra studied were ex-
cited with the 514 nm line from an argon-ion laser. The
Raman spectra are presented in Figures 2 (the samples
with Ge islands) and 3 (the bulk Si and Ge), both for the
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Fig. 2. Raman spectra of four samples with Ge dots grown
on Si. The spectra were normalized: all amplitudes are divided
by the amplitude of the principal Si substrate peak at approx-
imately 520 cm−1.

Raman shift range in wavenumber, Ω, of 200–460 cm−1.
To focus on the issues discussed in this study, strong Ra-
man features from Si substrates are not displayed here.
But, amplitudes of all the spectra presented in Figure 2 are
divided by the amplitude of the principal Si substrate peak
lying approximately at 520 cm−1, i.e. normalized to the
Si Raman signal. For the pure Si substrate one can see the
known Si-Raman features at 226, 434 and 302 cm−1 [9].
Taking into account the dependence of the Ge phonon
frequency on isotopic composition [10], we got the Raman
data for the bulk Ge that was used to produce the above-
mentioned dots. It is seen that the phonon frequency for
our Ge material is 300 cm−1. From Figure 2 one can see
the difference among four spectra presented there. Because
of the presence of features at 434 and 226 cm−1, the Ra-
man spectra for the samples N 264 and N 265 in Figure 2
are similar to the one for Si substrate in Figure 3. How-
ever, for these samples the main peaks in the range of
200–460 cm−1 are observed at frequencies of about 302
and 313 and 302 and 312 cm−1, respectively. For the sam-
ples N 266 and N 267 the major peak is at a frequency
about 305 cm−1, and the features at 434 and 226 cm−1

are hard to recognize. The main peak intensity for the
sample N 267 is bigger than that for other samples. It can
be found that the line broadening decreases with the in-
crease of the Ge island height and wetting layer thickness.
It should be also noted that we did not observe a peak
at 400 cm−1 associated with the Si-Ge mode [11].

An increase of the Raman signal intensity with the Ge
layer thickness indicates that the signal is caused by Ge
(not Si 2 TA phonon). Certainly, the presence of the
weakly pronounced lines at 434 and 226 cm−1 indicates
some contribution from the Si substrate that decreases
with the Ge thickness. Indeed, our observation shows that
the absolute value of the signal amplitude at the Si sub-
strate frequency 520 cm−1 decreases with the Ge thick-
ness. This fact is most pronounced for the sample N 267.

200 250 300 350 400 450 500 550

x1
Ge

In
te

n
si

ty
 (

a
rb

.u
.)

Ω,cm-1

x30
Si

300

520

302

227

434

 

Fig. 3. Raman spectra of bulk Si and Ge. The Ge frequency
peak is at 300 cm−1 almost, the Si two TA phonons peaks are
at 302 cm−1, 227 cm−1 and 434 cm−1. The main Si peak is at
520 cm−1.

Although the frequency of the main peak for the sam-
ples N 266 and N 267 is close to that of the Si Raman
peak, we have to examine their origin further. Taking into
account the above mentioned experimental facts and ar-
gument, one can conclude that these peaks for the sam-
ples N 266 and N 267 are caused mainly by the Ge islands
and wetting layer. Let’s further examine the case for the
samples N 264 and N 265. How strongly do the pure Si
spectra differ from that of Si used as substrate? We be-
lieve that this effect is not strong. It is necessary to take
into account that the light penetration depth for a pure
Si is about 300–400 nm at the wavelength of 514 nm [12].
The size of the strained region in Si substrate is equal to
that of quantum dots. Therefore the Si Raman signal is
associated mainly with an unstrained Si region. Indeed,
our experimental data show that the principal Si peak ly-
ing at 520 cm−1 does not change visibly from sample to
sample, as compared to the pure Si. J.L. Liu et al. [6],
referring to the paper [13], has confirmed a fact that the
intensity of the Si two acoustic phonon peak is about the
same with and without strains. Therefore, to find out a
signal from the Ge islands and wetting layer it is necessary
to determine a difference between the complex spectra of
the Ge/Si samples and those of Si.

Figure 4 shows the spectra obtained using this pro-
cedure. In this procedure, we have made the same inten-
sity at 520 cm−1 for all the Ge/Si samples studied and
pure Si and then, we have found a difference between the
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Fig. 4. The difference between the normalized Raman spectra
of the samples with Ge dots (presented in Fig. 2) and Si (shown
in Fig. 2). The arrows indicate the locations of the LO peak
frequencies.

normalized complex spectra of the Ge/Si samples and
those of Si. One can see that the features at 434 and
229 cm−1 disappear in such difference spectra. This fact
indicates the absence of Si contribution to these spectra
(as we know [9] the features at 434 and 229 cm−1 accom-
pany main 2 acoustic phonon peak at 302 cm−1). From
Figures 2 and 4 it is found that the peaks in spectra for
the samples N 266 and N 267 do not change significantly.
However, as for the samples N 264 and N 265, their dif-
ference Raman spectra in Figure 4 show an essential de-
crease of the amplitude of the peak at 302 cm−1. This
peak is associated with the Si substrate two TA phonon
line. The peaks at 313 cm−1 and 312 cm−1 for the sam-
ples N 264 and N 265 still exist. They are associated with
optical phonons in Ge. What are features in the spectra
presented in Figure 4? First, one can see that the peak fre-
quencies are differed for all four samples. Second, all four
samples have different line width. The line width decreases
with increasing Ge thickness. For the samples N 264 and
N 265 one can see essentially asymmetric broadened line.
The asymmetric line form broadened to lower frequencies
indicates (taking into account the bulk dispersion curve
for optical phonons in Ge), that Raman spectra in thin
Ge islands are caused by optical phonons at high values
of the wavevector. This is possible for localized (or quasi-
localized) phonons. Note that the 2 TA-phonons Si line
has a symmetric form. Thus, a disappear of the features
at 434 and 229 cm−1 and essentially asymmetric inhomo-
geneous line in the different spectra (Fig. 4) indicate the
absence of Si 2 acoustic phonon contribution to them.

The higher value of the phonon peak frequencies for
the Ge/Si samples, as compared to the case of bulk Ge
phonon, indicates the presence of strains. Since the lat-
tice constant of the bulk Ge is 4% higher than that of
the bulk Si, the phonon frequency of Ge islands and films
on the Si substrate increases. However, the possible con-
finement effect decreases the resonance frequency due to

the dispersion curve of the Ge bulk phonon frequency,
which decreases with the wave vector. The decrease of the
phonon frequency (for the sample N 264 to 260–270 cm−1)
could be explained by the presence of Si-Ge alloy (the Ge-
Ge mode in Si at low Ge concentration is 280 cm−1).
But in this case we would observe the Si-Ge mode (at
about 400 cm−1). Since there is no it, we consider the
pure Ge on Si. So, these factors (strain and phonon local-
ization) tend to change the frequency in the opposite di-
rections. In the absence of strains the Ge optical phonons
in the Brillouin zone center are triply degenerate due to
the cubic symmetry of the crystal. Application of a bi-
axial stress in the xy plane splits the phonon degener-
ate frequencies into two modes (TO and LO). It should
be noted that in the experimental geometry z(x, y)z̄ of
the Raman scattering LO phonons are allowed, but TO
phonons are forbidden. Therefore, the main peak in Fig-
ure 4 is associated with LO phonons. This supposition (it
corresponds to selection rules in bulk Ge) is confirmed
by the fact that we did not observe Raman signals in
the z(x, x)z̄ experimental geometry. The directions (100)
and (010) are equivalent. We shall assume that the strain
xx- and yy-components are equal (exx = eyy = e). The
LO-phonon frequency shift is ∆ωLO

ωLO ≈ pezz+2qe
2ω2

0
[14]. Ac-

cording to the paper [3] p = −1.46ω2
0 and q = −1.92ω2

0.
So ∆ωLO

ωLO ≈ −0.73ezz − 1.92e. The compressive strain in
the plane leads to the Ge atomic stretching along the
[001] direction. Since an external force does not act along
the [001] direction, one can write σzz = 0 , where σzz is
the zz-component of the stress tensor. From this condi-
tion one can find ezz = − 2C12

C11
e ≈ −0.66e [12], where C12

and C11 are the elasticity tensor components for Ge crys-
tal. Last expression is valid for a film. We have used it
because the Ge layer is a film with slowly changing thick-
ness. For the Ge lattice in our case the strain-induced
shift for LO phonon frequency at the Brillouin zone cen-
ter is ∆ωLO ≈ −429e (cm−1) [14,15]. It means that at
any compressive strain (e < 0) in the growth plane the
phonon frequency is increased as compared to unstrained
bulk Ge. Thus, due to the compressive biaxial strain the
Ge- like LO-phonon frequency can change in the region
300 cm−1–317 cm−1.

The maximal shift is possible when the lattice con-
stant of Ge becomes equal to that of Si. This case corre-
sponds to e ≈ −0.04 and, consequently, ∆ωLO ≈ 17 cm−1.
To estimate the shift caused by the confinement effect we
suggest that the strain-induced shift is the same for all
the wave vector values. For a film of thickness h the fre-
quency of a phonon localized in this film can be found
from the dispersion curve. On the dispersion curve this
frequency corresponds to the wave vector q = π

h [16]. (We
mean the first confined phonon mode: the half of the cor-
responding wavelength equals the film thickness). So both
effects (strain and phonon localization) shift the value of
the phonon frequency, but in opposite directions.

From the comparison of the peak frequency of Ge/Si
with that of the Ge bulk, one can state with assurance
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that these Ge islands and layers are strained. We have
used the following steps for finding Ge film parameters:

– from a low boundary of the Raman Ge line one finds
out the minimum thickness of the Ge film (using the
bulk dispersion curve of the Ge optical phonon [12]
and the formula for confined phonons);

– the maximum value of the Ge thickness is determinate
as the sum of the minimum thickness and the island
height obtained from AFM measurement;

– obtaining confinement phonon shift for the maximum
thickness (obtaining the value of the optical phonon
frequency of the strained Ge at zero wave vector);

– obtaining the xx-component of the strain (e ) from the
value of the phonon shift at zero wavevector.

From Figure 4, one can see that all four samples have dif-
ferent widths of the line. The lateral size of the Ge islands
is essentially bigger than their height. Different parts of
the Ge film contain different integer number of Ge mono-
layers. The lateral sizes of the film pieces contained integer
number of Ge monolayers are still essentially bigger than
their thicknesses (especially for the samples N 264 and
N 265). Therefore, one can consider (as first approxima-
tion) optical phonons in the Ge film pieces (bounded in
the lateral directions) as in an infinity film. To analyze
phonon properties of an infinity film we used the one di-
mension model of independent linear chains of Ge atoms
directed along [001] (the one dimension model of the lin-
ear chains of atoms is considered, for example, in [17] for
GaAs/AlAs superlattices). So, different points of the Ge
film of variable thickness contain the chains with different
length. Due to the confined phonon effect different lengths
of the chains give the different frequencies. Therefore, the
frequency peak (almost the higher boundary of the phonon
line) corresponds to the maximum thickness, the lower
boundary of the phonon line corresponds to the minimum
thickness. For example, for the sample N 264 the lower
boundary of phonon line is observed at 265–275 cm−1.
From the dispersion curve of the bulk Ge (we have used a
graph taken from [12] one can find out the wavevector, and
then, thickness of the wetting layer (according to the for-
mula that connects the wavevector of a confined phonon
with the thickness). We have considered as first approx-
imation, that the dispersion curve of a strained bulk Ge
can be obtained from the one of an unstrained Ge by corre-
sponding strain induced shift. Taking into account of the
strain shift of the bulk dispersion curve (approximately,
10 cm−1 for the samples N 264 and N 265), one can esti-
mate an average thickness of the wetting layer (minimum
thickness of the Ge film). The minimum thickness is 4–
5 Å about. Note that we do not know the true strain
but for very thin layers (as in the samples N 264 and N
265) a strain inexactitude influent not strongly. So the
maximum thickness of the Ge film is 13 Å about. The fre-
quency shift caused by confinement effect at the maximum
thickness (13 Å) is 3–4 cm−1. Therefore, the frequency
at zero wavevector of the strained Ge film is 316 cm−1

(313+3) and, consequently, the strain in the Ge layer and
islands for the sample N 264 corresponds to 4%. Analo-
gously, one can find out the wetting layer thickness and

strain for other samples. For the sample N 265 the av-
erage wetting layer thickness is 6 Å, the strain is 3.8%.
The Ge layer thicknesses for the samples N 266 and N 267
are bigger than for the samples N 264 and N 265. There-
fore, for the samples N 266 and N 267 the frequency shifts
caused by the phonon confinement are less than that for
N 264 and N 265. At the same time the differences be-
tween the peak frequencies and the bulk phonon frequency
(300 cm−1) for the samples N 266 and N 267 are smaller
than for other samples. It is difficult to find out the mini-
mum thickness with good precision for the samples N 266
and N 267 because of not exact determination of their line
low boundaries and small slope of the dispersion curve at
big thickness (dω

dq = 0 at q = 0). Taking the phonon local-
ization shift 1 cm−1 (approximately it corresponds to the
Ge thickness of about 2.5 nm) for the maximum thickness
of the sample N 266, one finds the strain to be about 1.7%.
For the sample N 267 with the high thickness one can not
take into consideration the phonon confinement shift. The
strain for this sample can be estimated from the value of
the shift of the peak frequency. It is about 1.5%.

It should be noted the following. Strictly speaking
the phonon localization takes place when bulk dispersion
curves of neighbor semiconductors do not overlap (it is
valid, for example, for GaAs/AlAs superlattices). How-
ever, the Ge LO-phonon and Si LA-phonon dispersion
branches overlap. Therefore, there is possibility for propa-
gating the Ge LO-phonons in Si substrate as LA phonons.
A phonon localization degree was calculated for Si/Ge
superlattices [18]. It was shown that for small phonon
wavevector values the Ge LO phonons are almost local-
ized (or quasi-localized). At the same time these phonons
with high wavevector values penetrate in Si. It is clear that
the Raman scattering on such phonons has lower intensity
(a sign of a phonon displacement corresponds to a sign of
Raman signal field). One see that the amplitude of the Ra-
man scattering on optical phonons with a high wavevec-
tor value is less than the one for the phonons with a low
wavevector value. Therefore, the wetting layer width can
have lower value than we have estimated. Probably, some
enhancement for observing the resonant Raman scatter-
ing by the phonons gives a high absorption coefficient in
Ge. Indeed, at the wavelength 514 nm the absorption co-
efficient in bulk Ge is higher than the one in bulk Si in
20–40 times. Indeed, there is a correlation in Raman effi-
ciency and absorption peaks: Raman efficiency for nondi-
rect semiconductors (bulk Ge and Si) has a maximum by
E1-transition (see, e.g., [19,20]. The E1-transition takes
place for bulk Ge at 2.2 eV and bulk Si at 3.5 eV. Proba-
bly this fact allows to observe Ge optical weakly localized
phonons (due to “bad” resonator) with the high value of
their wave vector. Also, it should be noted that for the
sample N 266 and especially N 267 the lateral size of the
above mentioned film pieces is not essentially bigger than
their height. Therefore, the one dimension model of the
independent linear chains can be applied to these sam-
ples with reservations. Probably, the phonon modes ob-
served in Raman spectra for these samples may not be de-
scribed with the use of so simple model. Therefore, we have
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estimated the strains for the samples N 266 and N 267,
in fact, omitting the phonon confinement effect. Such es-
timations (without considering the phonon localization)
were carried out, for example, in the papers [3,15,23].

Furthermore, the strain in the Ge layers decreases
with thickness. Therefore, maybe, the Ge quantum dots
with bigger sizes are unstrained. In particular, Kolobov
et al. [21] reported that the Ge islands on Si substrate are
unstrained. These islands were about 180 nm in diameter
and about 12 nm in height.

Let us now further examine whether it is possible to
separate the signals from the islands and wetting layer
or not. Liu et al. [6] reported that they could discrim-
inate the signals from wetting layer and dots using the
selection rules. We would like to stress that one should be
very careful to apply the selection rules to the nanostruc-
tured objects. The field inside and outside of a particle is
inhomogeneous and can change its direction (see, for ex-
ample, the field distribution in triangles in the paper [21].
One could say the same about the wetting layer because
its thickness is approximately equal to the size of quan-
tum dots placed on this layer. These effects are associated
with a near optical field and depend on the particle shape
and other parameters. These effects can be the reason for
an observation of TO phonons in the geometry z(x, y)z̄ or
z(x, x)z̄ (see e.g., [3]). Therefore, there seem to be no com-
plete and valid evidences to confirm the above use of the
selection rules in the case of nanostructured objects to be
correct (the weakening of the selection rules in Ge/Si su-
perlattices with Ge quantum dots, see, for example, in [22].

In conclusion we have performed a Raman scattering
study for the self-organized Ge dots formed on Si sub-
strates. By means of the difference Raman techniques, we
have separated the Raman signals of the Ge-islands and
wetting layer from the pure Si. The average wetting layer
thickness and strain were estimated from frequency peak
and line width.
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