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The position and shape of the E1 , E1+�1 Raman resonance depending on the size of unstrained Ge quantum
dots were studied. The dots were grown in GaAs/ZnSe/Ge/ZnSe structures on �111�-oriented GaAs substrates
using molecular-beam epitaxy. A shift of the E1 and E1+�1 resonance energies by up to 0.3 eV was observed.
The dependence of the shift on quantum dot size was shown to be well described by a cylindrical model using
quantization of the bulk Ge electron-hole states that form excitons at the two-dimensional critical point of the
interband density of states. A separate display of the E1 and E1+�1 resonances in the quantum dots related to
transformation of the interband density of states into the � function due to quantization of the energy spectrum
was observed.
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I. INTRODUCTION

During the past decade, numerous studies have been con-
cerned with semiconductor quantum dot �QD� electron levels
�see Refs. 1–3 for example�. Attention was focused on
electron-hole states of the extrema near the valence- and
conduction-band edges. The effect of confinement on state
energies has been well described using the envelope wave-
function method in the effective-mass approximation.4 Yet,
few attempts have been made to study the electron states that
form the critical points in the interband density of states with
energies far from the fundamental band gap. A good example
is the two-dimensional critical point of Ge responsible for
the E1 , E1+�1 Raman resonance observed in bulk Ge �Ref.
5� and Ge QDs. This resonance has been recently studied in
Ge QDs obtained by different methods.6–11 The E1 , E1+�1
resonance energy in QDs was shifted by up to 0.7 eV as
compared to its bulk position. The observed shift value was
shown to be well described by quantization of the ground-
state energy of a two-dimensional exciton or a particle in a
“quantum box.”8,7 However, the QD systems used in the ex-
periments had undesirable features that did not allow a de-
tailed study of the nature of the observed resonance.6–11 The
QDs formed by implantation of Ge+ ions into SiO2 with a
subsequent annealing have a sufficiently large QD size dis-
tribution leading to an additional broadening of the
resonance.6,8 The Ge QDs obtained in a Si matrix using the
self-organized growth in the process of molecular-beam epi-
taxy �MBE� are strongly strained.7,9,10 The mechanical
stresses that produce a distortion of electron spectrum are
considerably nonuniform in such Ge QDs �Refs. 3 and 11�.
This complicates the analysis of the behavior and nature of
the observed resonance. In this work, we studied the
E1 , E1+�1 Raman resonance in the unstrained Ge QDs
grown in GaAs/ZnSe/Ge/ZnSe structures using MBE. In
this system, the array of QDs has a sufficiently narrow width
of the size distribution function �10%�, the absence of me-
chanical stress is determined by the similarity of the lattice
constants of materials �the mismatch is less than 0.3%�. This
allowed us to investigate the position and amplitude of the
E1 , E1+�1 Raman resonance in Ge QDs of different sizes,
to observe unique features that clarify its nature, and to apply

the spectrum of the electron states of bulk Ge for analysis of
experimental results.

II. EXPERIMENTAL

The GaAs/ZnSe/Ge/ZnSe structures with Ge QDs were
grown in an MBE system with a residual gas pressure of
10−8 Pa. The growth chamber was equipped with a high-
energy electron diffractometer for analysis of the surface
structure. Thermal evaporators were used as sources of ger-
manium and zinc selenide. ZnSe was grown from the com-
pound. GaAs �111� wafers were used as substrates. The sub-
strates underwent a standard chemical treatment. Then, they
were fixed on a molybdenum carrier with an indium-gallium
eutectic and placed into the chamber. An atomically clean
surface was obtained in the process of thermal cleaning of
the GaAs substrates at T=580 °C, which fact was confirmed
by the appearance of diffraction images corresponding to the
surface superstructures. An epitaxial ZnSe layer 500-Å thick
was grown at T=230 °C. The obtained surface had a �2
�1� superstructure stabilized by selenium. Then, a Ge layer
with an effective thickness in the range of 5–60 Å was de-
posited at T�100 °C. Next, Ge was covered with a thin
ZnSe layer �20–40 Å� at the same temperature. A protective
ZnSe layer 500-Å thick was grown last at T=230 °C.

The lattice constants of GaAs, ZnSe, and Ge are identical
within 0.3% �Ref. 12�, making the mechanical strain in the
grown structures negligibly small. In such a case, the mecha-
nism of Ge QDs growth significantly differs from the
Sranski-Krastanov mechanism that works in strained systems
�Ge-Si�.13 Amorphous Ge grows at a deposition rate of
1 Å/min and at a substrate temperature T�90 °C, while a
two-dimensional crystalline film forms at T�130 °C. The
island mechanism of growth appears at temperatures in the
range of 90–130 °C. The sizes of the Ge islands formed at
the early growth stage increase with increasing the effective
deposited thickness until the islands finally merge into a con-
tinuous layer. Varying the thickness of the Ge layer, we could
obtain structures with QDs of different sizes whose dimen-
sions in the growth plane varied in the range of 50–300 Å.
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The size and shape of Ge islands were measured with a
Riber-Omicron scanning tunneling microscope �STM� on
samples not covered with the last ZnSe layers. Figure 1�a�
presents an STM image of the 1800�1800 Å surface area of
a sample with an effective Ge thickness of 34 Å obtained at
a tunneling current of 0.2 nA. A profile measured along the
line a is shown in Fig. 1�b�. The Ge islands had the appear-
ance of drops with flat tops. As seen in Fig. 1�b�, the char-
acteristic size of the Ge islands is 200 Å in the growth plane
and the height is 50 Å. A statistical analysis of images that
included as many as 103 Ge islands demonstrated that the
half-width of the size distribution function did not exceed
10% for the most uniform QD arrays.

The spectra of Raman scattering by optical phonons for
the obtained GaAs/ZnSe/Ge/ZnSe structures were mea-
sured at room temperature in a near-backscattering geometry.
The spectra were excited by the discrete lines of an Ar+ laser
and were recorded with a double diffraction grating spec-
trometer. Resonance curves were measured using a dye laser
�Spectra Physics, model 375� pumped by a 10-W Ar+ laser.
Three laser dyes, Rhodamine 6G, 110, and Coumarin 510,
were used to obtain excitation light with an energy tuned in
the range of 2.0–2.4 eV. The spectral range of 2.4–2.7 eV
was covered with discrete lines of the Ar+ laser. The ob-
served intensities of the phonon peaks were corrected by
taking into account the spectral dependence of the bulk Ge
absorption coefficient, the factor of �,4 and the sensitivity of
the measuring system. The latter was determined using the
intensity of the Raman peaks in calcite.

III. RAMAN E1 , E1+�1 RESONANCE
IN Ge QUANTUM DOTS

We studied the spectra of Raman scattering by optical
phonons in the CaAs/ZnSe/Ge/ZnSe structures with Ge

QDs. The analyzed samples were stepped with the effective
thickness of the Ge layer d varying in the 5–60 Å range. The
nucleation of Ge islands and a subsequent increase in their
sizes up to their merger into a continuous Ge layer took place
in this layer thickness range at the above growth conditions.
A CaAs/ZnSe/Ge/ZnSe structure obtained on the �111� sur-
face is shown schematically in the inset of Fig. 2. The re-
gions a-c contain arrays of isolated Ge islands. The effective
thickness of Ge layer is 6, 15, and 34 Å, respectively. Region
d �d=56 Å� contains a continuous Ge layer. According to the
STM data, a characteristic island height is h�20 Å and base
size in the growth plane is D�60 Å for the effective thick-
ness of Ge layer d=6 Å. For d=15 and 34 Å, these param-
eters are h�37 Å, D�120 Å and h�50 Å, D�200 Å, re-
spectively. Figures 2�b�–2�d� show the Raman spectra
obtained from the b–d regions of the CaAs/ZnSe/Ge/ZnSe
structure at room temperature using the excitation light
wavelength �=488 nm. The optical-phonon lines of the
ZnSe matrix �LO−255 cm−1�, the GaAs substrate �TO
−273 cm−1, LO−294 cm−1�, and the Ge layer �TO+LO
−300 cm−1� are clearly seen in the given spectra. The posi-
tion of the Ge peak and the ratio of its intensities obtained in
different polarization geometries agree well with their bulk
values. This means that there is neither mechanical stress in
the QDs nor measurable deviation of Ge orientation from the
crystallographic directions determined by the substrate. The
Ge QD phonon peak intensity is unusually high, being by
five times greater than the bulk intensity measured with the
same excitation wavelength �Figs. 2�b� and 2�c��; it changes
abruptly as soon as Ge QDs merge into a continuous layer
�Fig. 2�d��. Such a behavior is caused by change in the
E1 , E1+�1 resonance energy in Ge QDs as compared with

FIG. 1. �a� STM image of an 1800�1800 Å surface of a sample
with Ge QDs, and �b� the profile measured along the line labeled a.

FIG. 2. Raman spectra of the GaAs/ZnSe/Ge/ZnSe structure
shown in the inset. The spectra �b� and �c� were obtained from the
regions with QDs �the effective thicknesses d of the Ge layer are 15
and 34 Å, respectively�. The spectrum �d� was taken from the re-
gion with a continuous Ge layer �d=56 Å�.
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that of bulk material. The considerable difference between
the optical-phonon frequencies of Ge and ZnSe �45 cm−1�
means that Ge optical phonons are strongly localized in QDs.
This enabled us to study electron states of Ge QDs using
resonant Raman scattering by optical phonons.

We note that, as it is seen in Fig. 2, the phonon line
intensities of the GaAs substrate decrease with increasing the
thickness of the Ge layer due to absorption of excitation and
scattered light in this layer. This allows the absorption coef-
ficient �1 of the Ge layer with QDs to be obtained. Since
ZnSe is transparent in the considered energy range, the ob-
served Raman intensity can be written as I= I0 exp�−2�1d�,
where I0 is the intensity measured on a structure without a
Ge layer. Our measurements have shown that the value of �1
does not differ from the bulk value within an accuracy of
±10%. Despite a considerable modification of the interband
density of states and the shift of the E1 , E1+�1 resonance
energy in QDs, which will be considered below, the value of
the absorption coefficient change is insignificant. This fea-
ture may be explained by the fact that the main contributions
to absorption are give by optical transitions that are not re-
lated to the E1 , E1+�1 resonance.

The resonance dependencies of Raman scattering by op-
tical phonons of bulk Ge and Ge QDs were analyzed to get
detailed information on the E1 , E1+�1 resonance behavior
with the QD sizes. Figure 3 shows the resonance curves mea-
sured at room temperature in the energy range of
2.0–2.7 eV. The experimental points are denoted by sym-
bols. The solid lines indicate the best-fit approximation of the

experimental data by Lorenz contours done to obtain the
accurate values of the resonance positions and half-widths.
The curve �d� was observed in bulk Ge with the �111� surface
This curve agrees fairly well with the data previously re-
ported by Cerdeira et al.5 The vertical arrows in Fig. 3 indi-
cate the positions of the E1 and E1+�1 transitions in Ge. The
resonance curves �a�–�c� were measured in the regions of the
CaAs/ZnSe/Ge/ZnSe�111� structure with Ge QDs shown in
the inset of Fig. 2. The effective thickness of the Ge layer for
these regions is 6, 15, and 34 Å, respectively. The resonance
dependencies shown in Fig. 3 were measured using the same
sensitivity of the registration system and scattering geometry.
This allowed us to directly compare the resonance intensities
and their positions in the QDs with those in bulk Ge. Since
Raman intensity is proportional to the scattering volume, the
resonance amplitudes observed in the QDs �Figs. 3�a�–3�c��
should be multiplied by the amount L /d �where L= �2��−1

=100 Å is the light penetration depth in Ge and � is the Ge
absorption coefficient�. The obtained QD resonance ampli-
tudes exceed those of the bulk by factors of 2.9, 6.6, and 4
for the �a�, �b�, and �c� curves, respectively �Fig. 3�. As seen
in Fig. 3, the resonance curve of large QDs �D�200 Å, h
�50 Å, Fig. 3�c�� is shifted towards the high-energy side
from the bulk position of the resonance by 50 meV. We at-
tribute this shift to the change of both the E1 and E1+�1
resonance energies by this value. The resonance dependence
of the smaller QDs �D�120 Å, h�37 Å, Fig. 3�b�� exhibits
two peaks that we considered as a separate appearance of the
E1 and E1+�1 resonances. The horizontal arrows in Fig. 3�b�
indicate the energy shifts observed for these resonances. One
peak of the E1 resonance shifted by 0.3 eV is observed in
QDs of minimum sizes �D�60 Å, h�20 Å, Fig. 3�a��. The
absence of the E1+�1 peak in curve �a� will be discussed in
Sec. V. Thus, an increase of the Raman cross section by
optical phonons, a shift of the E1 and E1+�1 resonance en-
ergies, and also a separate appearance of these resonances
are specific features observed in the array of unstrained Ge
QDs obtained in a ZnSe matrix.

IV. QUANTIZATION OF THE QD
ELECTRON-HOLE SPECTRUM

Let us consider the observed shift of E1 , E1+�1 reso-
nance energy in Ge QDs using the spectrum of electron
states of bulk Ge. Figure 4�a� shows the energy bands of Ge
in the �111� direction of the k space calculated in Ref. 14 by
the �k-p� method. The �	1� electron and the �	4,5 ,	6� hole
bands are nearly parallel along the �111� direction in the
major part of the Brillouin zone. This band structure creates
a two-dimensional critical point of the interband density of
states that results in the E1 , E1+�1 Raman resonance ob-
served in bulk Ge �Ref. 5�. The positions of the conduction
�Ec�- and valence �Ev�-band edges of ZnSe are marked in
Fig. 4�a� with horizontal lines.12 The electron and hole states
of Ge QDs in the ZnSe band gap �between the Ec and Ev
levels, Fig. 4�a�� are localized. The electron and hole energy
bands in the �kx ,ky� plane perpendicular to the �111� direc-
tion are shown in Fig. 4�b� for the kz value designated in Fig.
4�a� as arrows �A�. These bands are well described at kx,y

FIG. 3. Resonance curves of Raman scattering by optical
phonons in Ge QDs ��a�–�c�� and in bulk Ge �d�. The experimental
points are denoted by symbols. The best-fit approximation of the
experimental dependencies by Lorenz contours are given by the
solid lines. The energy shifts of the E1 and E1+�1 resonances are
shown by the horizontal arrows.
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�0 by the effective-mass approximation. The effective mass
m� of the E1 and E1+�1 transitions in this direction is
0.045m0 �m0 is the free-electron mass�.15 The hole bands at
kx,y �0 that include the spin-orbit interaction are indicated
by the solid lines and those that do not by the dashed lines in
Fig. 4�b�.

The QD size in the growth plane is comparable to the
Bohr radius of interband exciton expressed as �
2� /m�e2�
�180 Å, where 
 is the Planck constant, �=15.8 is the di-
electric constant of Ge, and e is the electron charge.16 Hence,
a consideration of the localized potential related to the ZnSe
matrix should include the Coulomb interaction between an
electron and a hole. The exciton effects have been calculated
by Kane in Ref. 16 for the case of a saddle critical point
�m� �m�, where m� is the reduced effective mass of an elec-
tron and a hole in the z-�111� direction�. It was shown that
the adiabatic approximation allows one to separate the z and
�x ,y� variables in the Schrödinger equation for the exciton
envelope wave function. As a result, this function can be
chosen as a plane wave exp�ikzz� for the �111� direction,
where kz is the exciton wave vector. The real drop-shaped
form of QDs �Fig. 1�b�� can be approximated by a cylinder
of height h in the �111� direction and radius r in the perpen-
dicular plane. It is easy to see that exciton states with enve-
lope functions in the form of standing waves with kz
=n /2h �n is an integer� satisfy the boundary conditions for
this QD model. As a result, the continuous spectrum of ex-
citons transforms into a set of discrete levels in QDs. The
states with the minimum wave vector �kz= /2h� give the
main contribution to the QD interband density of states due
to momentum conservation. The confinement of the excitons
in this direction does not change the E1 , E1+�1 resonance
energy because of the high reduced effective mass �m�

�50m��, as mentioned in Ref. 8.
The confinement of excitons in the �x ,y� plane leads to

the quantization of their spectrum. The ground-state energies
for electrons and holes are indicated by horizontal lines in
Fig. 4�b�. A change in these energies with the QD size results
in a shift of the E1 and E1+�1 resonance positions. The

energy shift �E of the exciton ground state obtained from the
Schrödinger equation for the exciton envelope wave function
has the form8

�E =
2

2m�

�2.4

r
	2

−
3.51e2

� · r
. �1�

The first term in Eq. �1� is the energy shift of the electron and
hole ground states resulting from the confinement. The sec-
ond term, resulting from the electron-hole Coulomb interac-
tion, was obtained using the perturbation theory.8

The theoretical dependencies of the E1 and E1+�1 reso-
nance energy shifts calculated from Eq. �1� as functions of
the QD radius are shown in Fig. 5 by the solid lines. The
resonance energy values obtained for the Ge QDs �see Figs.
3�a�–3�c�� are projected to the theoretical curves, as shown
by horizontal arrows �a�, �b�, and �c� in Fig. 5. The same
symbols in Figs. 3 and 5 refer to one and the same regions of
the structure with QDs. The abscissas of the corresponding
data points then determine the values of r, which were found
to be 35, 45, and 72 Å for the regions a, b, and c, respec-
tively. For the QDs of sufficiently large sizes �b and c� with
the resonance shifts smaller than �1=0.2 eV, the cylindrical
model determines values of r that are by 25% smaller than
the QD base radii obtained by STM measurements. This in-
consistency can be attributed to sensitivity of the envelope
wave function to an effective �averaged� QD lateral surface.
The radius of the cylinder used to approximate the actual QD
shape can be expected to be smaller than the QD radius at the
QD base. From the actual QD shape �see Fig. 1�b��, it can be
seen that the cylinder radius intersecting its lateral surface at
about half its height is by 25% smaller than the QD base. As
a result, the thus corrected QD model describes well the
observed change in the E1 and E1+�1 resonance energy de-
pendence on the QD size. As to QDs of smaller sizes �Fig.

FIG. 4. �a� Energy spectrum of bulk Ge calculated in Ref. 14 for
the �111� direction. The horizontal lines Ec and Ev indicate the
positions of the ZnSe band edges. �b� Dispersion of the electron and
hole bands in the kx,y plane perpendicular to the �111� direction at
the point �A� of the momentum kZ. FIG. 5. Dependence of the E1 and E1+�1 resonance energy

shifts on the radius of cylinder r in the growth plane. The curves
shown by the solid lines were calculated using Eq. �1�. The ob-
served positions of the resonances in QDs are shown by the
symbols.
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3�c��, the radius determined from Fig. 5�c� �35 Å� was found
to be somewhat greater than the real value �30 Å�. This dif-
ference can be explained by the effect of finite height of the
potential barrier related to the ZnSe matrix on the energy
position of QD states. For small QDs, the energy shift of QD
states is large ��E��1�. As a result, a part of the electron
and hole states are close to the edges of the ZnSe potential
barriers �Fig. 4�a�, Ec, Ev�, where the dependence of �E on r
deviates from the one obtained theoretically for the infinite
barrier �Eq. �1��. A qualitative shape of this dependence is
indicated by the dashed line in Fig. 5. As it is seen, this
allows us to clarify the obtained difference. The effect of the
finite barrier height is the most probable cause of the ob-
served deviations for small QDs. Thus, the simplest model of
quantization of the electron-hole spectrum in bulk Ge well
explains the observed shift of the E1 and E1+�1 resonance
energies versus QD size.

V. INTENSITY AND SHAPE OF THE RAMAN
RESONANCE IN QDS

The unique features of the Raman resonance in Ge QDs
are: �1� separate appearance of the E1 and E1+�1 resonances
and �2� increased amplitude of these resonances as compared
with the bulk case �see Fig. 3�. Let us consider these features
in more detail. The frequency dependence of Raman scatter-
ing by optical phonons in the range of the E1 , E1+�1 reso-
nance for the three-band processes, which dominate in this
case, is given by5

I��� � 
�−��� − �+���
2, �2�

where �−��� and �+��� are the electronic susceptibilities of
the E1 and E1+�1 transitions, respectively. Omitting the fre-
quency independent multipliers, Eq. �2� can be rewritten in
the form17

I��� � �� � �2��1�
� − �1 − ��

−
�1��1)

� − �1 − ��
	d�1�2

, �3�

where �1��� and �2��� are the interband densities of the
states for the E1 and E1+�1 transitions, respectively, and � is
the damping parameter of involved electron-hole states. The
�1��� and �2��� have the form of steps of height �0

=Kzm� /
22 located at the energies of the E1 and E1+�1
resonances �Kz�0.3 /a0 is the extension of the critical
point in the z-�111� direction and a0 is the lattice constant�
for the two-dimensional critical point with parabolic bands in
the plane normal to the �111� direction. The resonant curve
calculated for the steps of width 0.15 eV and 
�=50 meV
from Eq. �3� is shown in Fig. 6�a�. The curve is seen to be in
good qualitative agreement with the experimental depen-
dence of Fig. 3�d�. A similar agreement was obtained in Ref.
5 using the experimental dependences of the �−��� and
�+���. Since the considered model is valid near the E1 and
E1+�1 gaps �i.e., for an ideal critical point� it provides only
a qualitative agreement with the experiment. Nevertheless, it
allows one to understand the nature of the change in the
resonance shape and intensity observed as we pass from the
bulk case to a QD.

From the consideration of the electron-hole spectrum
quantization it follows that the interband density of states is
transformed into 4K ��
�1−EQD� for a QD, where EQD is
the ground-state energy of the E1 or E1+�1 transition, K is
the degree of degeneracy of the QD exciton states per unit of
volume. Equation �3� appears for a QD in the form

IQD��� � � 1

� − E1
QD − i�

−
1

� − E1
QD − �1 − i�

�2

K2. �4�

The resonance curve calculated from Eq. �4� without the in-
clusion of the resonance shift is shown in Fig. 6�b�. Here, the
peaks of the E1 and E1+�1 resonances are separate from
each other because the interband density of states transforms
into the � function. The experimental dependence �Fig. 3�b��
shows that the amplitude of the E1+�1 peak is two times
smaller than that of the E1 peak. This is because a part of the
electron and hole states that form the considered critical
point appears in the range of the continuous spectrum of the
ZnSe matrix �above the Ec and below the Ev levels�, as seen
in Fig. 4. These states are delocalized and strongly damped.
Their damping parameter � can considerably increase as a
result of decay of these states into states of the matrix spec-
trum. Because the intensity of the observed resonance is pro-
portional to ���−2, the contribution of these damped states to
Raman scattering becomes negligibly small in comparison
with that of the QD localized states. As it is seen in Fig. 4�a�,
the number of the localized hole states of the 	6 band above
the Ev level determining the intensity of the E1+�1 reso-
nance is smaller than the number of states of the 	4,5 band
responsible for the E1 resonance intensity. The peak of the E1
resonance is only observed in QDs of small size �Fig. 3�a��.
In such a case, all the states of the 	6 and partly of the 	4,5

FIG. 6. �a� Resonance curves of Raman scattering by optical
phonons calculated for bulk Ge using Eq. �3�, for a separate QD �b�,
and for a QD array with the dispersion of QD sizes taken into
account according to Eq. �4�.
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bands turn out to be shifted into the range of the ZnSe matrix
spectrum. As a consequence, the E1+�1 resonance is not
observed and the intensity of the E1 resonance decreases.
Thus, the separate appearance of the E1 and E1+�1 reso-
nances in QDs results from the transformation of the inter-
band density of states into the � function, and the difference
in the resonance intensities can be attributed to the effect of
the matrix on the QD electron-hole states.

The real QD array has a finite value of dispersion of QD
sizes and a variation of QD shapes. These factors produce a
dispersion of the considered resonance energy in the QD
array and determine the shape of the observed resonance
curve. Assuming that the dispersion of the resonance energy
is f�E�=exp�−
EQD−E
 /�� and using Eq. �4�, the resulting
resonance curve can be obtained. The �c� curve shown in Fig.
6 is calculated for the value �=20 meV. In this case, the
peaks of the E1 and E1+�1 resonances merge into one �they
can hardly be distinguished from one another�, and the reso-
nance curve is twice as wide as that of a separate resonance.
This is the case observed for the array of sufficiently large
QDs that are just about to merge into a continuous Ge layer
�Fig. 3�c��, when inhomogeneities of the above nature in-
crease. The half-width of this curve is 0.22 eV, whereas that
of the separate resonance curves is 0.1 eV �Fig. 3�b��. The
value �=20 meV used in the calculation corresponds to the
size distribution function with a half-width of 40%, which
agrees with the STM data. This effect of the merger of the E1
and E1+�1 peaks due to geometrical inhomogeneities in the
QD array is apparently a typical feature for all the earlier
reported experiments.6–10

Since Eqs. �3� and �4� are related to a unit volume, the
ratio of the resonance amplitudes can be estimated. The Ra-
man intensity determined by Eq. �3� can be estimated at the
resonance as I��0

2�4�1
2 / ��1

2+4�2��2��4�0�2. Taking into
account that K=nzN0, where N0 is the number of QDs per
volume and nz is the degeneracy degree of QD exciton states
along the z-�111� direction, we have

IQD

I
� �2nzN0

Kz�m�

	2

. �5�

The unknown value of nz can be found using the experimen-
tal resonance intensity ratio IQD / I�10. The nz value esti-
mated in this way is �102. This value determines the number
of exciton states with kz= /2h in the range of the given QD
resonance. These states give the major contribution to the
QD interband density of states due to the momentum conser-
vation. The number of states in QDs originating from sepa-

rate bulk bands �	4,5, 	6 valence, and 	1 conduction, Fig.
4�a�� should not differ considerably from the estimated value
��102�. Assuming that these states are spaced equidistantly,
we can estimate the energy spacing �E between them. Start-
ing from the bulk spectrum �Fig. 4�a�� we have found �E
�8 meV, which is considerably smaller than the Ge optical-
phonon energy �37 meV�. The relaxation of photoexcited
carriers should then proceed efficiently in this energy range
by one-phonon emission, as in bulk Ge. In contrast, for the
case of �E�37 meV, the relaxation rate should be reduced
significantly because multiphonon emission is a much less
probable process. An ultrafast relaxation of photoexcited car-
riers in Ge QDs was observed by Tognini et al.18 Our esti-
mation of the number of states in this Ge QD energy range
explains the nature of this ultrafast process. Thus, the large
number of states of the two-dimensional critical point of Ge
QDs determines the intensity of Raman resonance and, in
addition, explains the ultrafast relaxation of photoexcited
carriers experimentally observed in Ref. 18.

VI. CONCLUSIONS

The position and shape of the E1, E1+�1 Raman reso-
nance depending on the size of unstrained Ge quantum dots
were studied. A shift of the E1, E1+�1 resonance energy by
up to 0.3 eV was observed with decreasing the QD size. The
shift was shown to be well described by a cylindrical model
using quantization of the bulk Ge electron-hole states that
form excitons at the two-dimensional critical point of the
interband density of states. Two separate peaks of the E1 and
E1+�1 resonances were observed in a sufficiently homog-
enous QD array. Their separate appearance is shown to be
determined by transformation of the interband density of
states into the � function due to the quantization of spectrum.
The observed shape of the resonance is well described by
taking into account the interband density of states, the dis-
persion of QD sizes, and the effect of the ZnSe matrix spec-
trum on the QD electron-hole states. The observed increase
in the QD resonance intensities in comparison with bulk Ge
can be attributed to a large number of QD discrete states
originating from the valence and conduction bands in the
�111� direction.
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