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We report on the quantum-confined Stark effect for spatially indirect transitions in Stranski-Krastanov grown
type-II Si/Ge quantum dots. A linear blueshift of the spatially indirect transition is observed at increasing
electric field in contrast to the commonly observed redshift for type-I transitions. A shift of the emission-peak
position and different quenching rates of the photoluminescence forp-i-n andn-i-p diodes at increased electric
field and temperature indicate a deeper notch potential for electrons above the dot than below due to a
strain-induced asymmetry in the band alignment.

DOI: 10.1103/PhysRevB.71.113301 PACS numberssd: 78.67.Hc, 73.21.La, 78.55.Ap, 81.07.Ta

It has been shown that the poor optical properties of Si
and Ge, due to indirect band gaps, can be improved by uti-
lizing low-dimensional Si/Ge structures, e.g., quantum dots
sQDsd.1 In such structures, the alloy disorder and quantum-
confinement effects relax thek-conservation conditions suf-
ficiently to increase the probability for optical recombina-
tion. Epitaxial growth of the lattice mismatched Si/Ge
material system has been demonstrated to proceed via the
Stranski-Krastanov mode under certain growth conditions.1,2

As a result, self-assembled Ge QDs embedded in Si matrices
can be produced in a way that is compatible with the Si
technology. Accordingly, it is important to further investigate
the optical transitions and carrier dynamics related to the Ge
dots in the development of Si-based optoelectronic devices.
In spite of the fact that Si/Ge interdiffusion will lead to some
alloying of the dots we will refer to them as Ge dots.

When an electric field is applied along a quantization di-
rection of a quantum structure, the potentials in the structure
are tilted, causing a shift of the transition energy, the
quantum-confined Stark effectsQCSEd.3 For type-I systems,
the QCSE causes a quadratic redshift of the transition
energy.3,4 Prior to our study, no experimental evidence for
QCSE in Stranski-Krastanov grown Si/Ge QDs has been
shown. In contrast to the normally observed redshift, we re-
port on a linear blueshift of the spatially indirect transition
with increasing electric field, which is characteristic for
type-II systems. In order to probe the QCSE in both field
directions, measurements were performed on reversed biased
p-i-n andn-i-p diodes, i.e., diodes with the top layer being
n-doped andp-doped, respectively. Furthermore, since the
p-i-n andn-i-p structures have their built-in electric fields in
opposite directions, we were able to observe the difference
between the conduction-bandsCBd offsets at the top and bot-
tom interfaces of the Ge dot by comparing the luminescence
properties of the two diodes. The photoluminescencesPLd
from transitions that involves electrons located above the Ge
dot survives to higher temperatures and higher electric fields
than the luminescence originating from the electrons below
the dot, consistent with an asymmetric energy-band lineup.

In Si/Ge QDs, the confinement of the electrons is a result
of tensile strain in the Si surrounding the Ge dot.1,2,5 Our
results show that the notch potential for electrons at the in-

terface above the Ge dot is deeper than the one underneath,
and this is attributed to an asymmetric strain profile. Such
asymmetric strain profiles through self-assembled QD struc-
tures have several times been predicted by theoretical
calculations.5–7 The type-II band alignment in the Si/Ge ma-
terial system provides the possibility to study this effect in
QDs and this is an experimental confirmation of the asym-
metric strain and hence the asymmetric band alignment in
Si/Ge QD structures.

As mentioned above, bothp-i-n and n-i-p diodes were
produced in order to study the QCSE in both field directions.
To be able to compare the two different structures, the intrin-
sic layer of the two diodes were grown using identical
growth sequences. The samples were grown by solid-source
molecular-beam epitaxysMBEd at a growth temperature of
530 °C. Thep-i-n structure was grown on ap-doped Sis100d
substrate s531018 cm−3d and the n-i-p on an n-doped
Sis100d substrates131019 cm−3d. Ten Ge dot layers, each
separated by a 60-nm-thick Si spacer, were incorporated in
the intrinsic region. Each dot layer was formed via the
Stranski-Krastanov growth mode as a result of an 8-ML
deposition of Ge on the Si surface. The lateral size of the
dots was 20–30 nm and the height was about 2–3 nm, as
determined from AFM measurements. Thep-i-n sn-i-pd
structure was capped with a 200 nmn-doped sp-dopedd
layer s531016 cm−3d. Finally, a 160-nm contact layers2
31018 cm−3d was grown before Au contacts were deposited.
PL measurements were performed at a lowest sample tem-
perature of 10 K in a He-flow cryostat and as excitation
source, the 514-nm line of an Ar ion laser was used. The PL
signals were analyzed with a double-grating monochromator,
together with a liquid-nitrogen-cooled Ge detector, using a
standard lock-in technique. In order to achieve a varying
electric field across the dot structures, the diodes were re-
verse biased. The electric field was calculated from the re-
verse bias applied and the total thickness of the intrinsic
layer, taking the widening of the depletion width into ac-
count, assuming that the field was homogeneous over the
intrinsic region and disregarding losses originating from the
contact and wiring resistance.

Since the Stranski-Krastanov growth mode in the present
case is strain induced and the Ge dot formation is a result of
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elastic relaxation, the Si above and below the dots exhibits
tensile strain.1,2 It is known that in tensile strained Si, the
sixfold degeneracy of the CB is split up intoDs2d andDs4d
bands. TheDs2d valleys are downshifted, which results in a
type-II band alignment at the interface between a Ge dot and
the surrounding Si.1,2,8–10In the valence bandsVBd, there is
a large offset and the holes are confined inside the Ge dot
while the electrons are located in the notch potential of the
surrounding Si. Consequently, the optical transitions will be
essentially spatially indirect in Si/Ge QD structures.

The structural properties were evaluated by AFM mea-
surements on similar but uncapped structures and the Ge dots
were determined to be of elongated or square pyramidal
shape. The base is surrounded by a Ge rich wetting layer,
while the upper part of the dot is allowed to elastically relax
to form these pyramidal shapes, giving rise to an asymmetric
strain distribution in the surrounding Si during capping. The
tensile strain in the Si above the Ge dot should then be
higher than in the Si underneath the dot, as has been pre-
dicted in several theoretical works.5–7 Since the magnitude of
the tensile strain in the Si determines the size of the down-
shift of the Si Ds2d valleys, we expect these structures to
exhibit an asymmetric energy-band lineup where the deepest
electron potential is located right above the center of the Ge
dot ssee Fig. 1d. Interdiffusion of Si and Ge during the
growth is always present and will provide gradual changes in
the VB and CB, which result in a band lineup with smooth-
ened potential barriers.1

When there is a sufficiently strong, built-in and/or exter-
nal, electric field, the unpaired electrons at the lower energy
interface of the Ge dot can escape from the notch potential
due to the field and the separation of the electrons and holes

ssee Fig. 1d. The only possible optical transition is then re-
lated to the paired electron and hole at the opposite side of
the dot, i.e., on thep-doped side of the structure. Conse-
quently, under influence of an electric field, the luminescence
from the n-i-p sp-i-nd diodes involves the electrons in the
notch potential abovesunderneathd the dotssee Fig. 1d.

With an electric fieldF applied, the shift of the transition
energy in a quantum structure due to the QCSE can generally
be described by the relation

EsFd = Es0d − pF − bF2, s1d

where Es0d is the transition energy at zero fields,p is the
dipole moment, andb is the polarizability of the electron-
hole system.11 At zero field in type-I quantum structures, the
dipole moment is close to zero and the polarizability term is
predominant, resulting in a parabolic dependence for the
QCSE with a quadratic redshift of the transition energy as a
function of the electric field. In contrast to type-I quantum
structures, a built-in dipole moment is always present in
type-II structures, since the electron and the hole are spatially
separated. The dipole momentp, dominates the QCSE in
those structures and the field dependence is consequently
dominated by the linear term.11 Figure 1 shows the principles
of the QCSE in Si/Ge QDs, whereEa0 and Eb0 denote the
optical transition energies at a zero external field whileEa1
andEb1 indicate the transition energy with an applied electric
field for n-i-p and p-i-n diodes, respectively. Even without
any external field applied there is a built-in field across the
structure due to the doped layers. This electric field, approxi-
mately 10 kV/cm, will also produce a small quantum-
confined Stark shift. The built-in field is adding a constant
value to the total shift and is therefore left outside the analy-
sis of the field dependence. The electron-hole dipole moment
is negative in our structures as a consequence of the band
alignment and the Ge dot-related emission is thus expected
to blueshift at increased electric field, i.e.,Ea0,Ea1 and
Eb0,Eb1 in Fig. 1. The linear QCSE has several times been
experimentally demonstrated for various type-II multiple
quantum well structures.12,13 Two effects compete when the
electric field is applied along the growth direction of a quan-
tum structure. First, there is the shift due to the QCSE of the
bound states of the electrons and holes as discussed above.
Second, the electric field also affects the exciton overlap
function and accordingly its binding energy. Hence, the tran-
sition energy dependence on the electric field is sensitive to
the exciton binding energy as well as the confinement poten-
tial profile. In type-I Si/SiGe quantum wells, the electron is
weakly confined and the reduction of the exciton binding
energy is thought to compensate the QCSE related redshift
since the expected redshift is absent.10 In our type-II struc-
tures, on the other hand, the exciton binding energy increases
with increasing field which enhances the overlap function
since the spatial separation of the electron and hole de-
creases. There is also a nonlinear up shift of the energy levels
as a result of increased confinement of the carriers at an
applied field. However, we expect this effect to be small in
comparison to the energy shift caused by the dipole moment.

Figure 2 shows PL spectra of the two different structures
at 10 K. In order to make a more accurate determination of

FIG. 1. Schematic illustration of the energy-band alignment in
the growth direction through Ge QDs embedded in Si at zero ex-
ternal fields for ann-i-p sad andp-i-n sbd diode. Due to the asym-
metric strain profile through the structures, there are deeper poten-
tials for the electrons above than underneath the dots. The built-in
electric field from the doped layers on each side ensures tilted
bands. At applied reverse bias ofn-i-p scd andp-i-n sdd diodes with
Ge QDs, electrons on then-doped side escape while electrons on
the p-doped side are able to recombine with holes in the Ge dots.
The QCSE gives rise to a blueshift of the transition energy under
influence of a field, i.e.,Ea0,Ea1 andEb0,Eb1.
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the energy position of the luminescence from Ge dots, broad-
ened due to the inhomogeneous size and composition distri-
bution, the peaks were fitted to Gaussian distributions. Fig-
ure 3 shows the resulting energy shift of the Ge dot-related
emission as a function of the electric field for thep-i-n and
n-i-p structures. The blueshift of the emission observed with
increasing electric field due to the QCSE is approximately
linear indicating that the built-in dipole moment is the domi-
nating factor in the QCSEfsee Eq.s1dg, as expected for this
type-II system. We conclude that the reduction of the transi-
tion energy due to increased binding energy of the exciton is
not large enough to cancel the blueshift of the emission peak
but will just decrease the magnitude of the blueshift.

A large dipole moment and hence a large spatial separa-
tion of the electron and hole is required to ensure a large
QCSE in type-II systemsfsee Eq.s1dg. Yakimov et al. have
recently published results of room-temperature photocurrent

measurements that have been interpreted in terms of a dra-
matic Stark shift of the absorption edge for Ge QDs in Si due
to an electron-hole separation of 5 nm.14 However, their
structures are quite different from ours: The structures were
not grown using the Stranski-Krastanov growth mode, but
the Ge islands were instead formed on SiOx resulting in is-
lands with a higher height-to-width ratio. The transition en-
ergies were very close to the band gap of Si and not around
0.8 eV as in our case. The magnitude of the QCSE in the
present study indicates that the electron-hole separation is
approximately 0.4 nm.

To further investigate the band alignment, temperature
and electric-field-dependent measurements were performed.
As discussed above, the geometry and strain considerations
imply that the notch potential for the electrons is expected to
be deeper above than underneath the Ge dot. Already a
glance at the PL spectra in Fig. 2 implies an asymmetry of
the band alignment since the dot-related emission for thep
-i-n structure is blueshifteds0.83 eVd versus then-i-p struc-
ture s0.81 eVd. Accordingly, our PL results indicate a differ-
ence of approximately 20 meV for the CB offset in the upper
relative to the lower part of the dot. As shown in the inset in
Fig. 4, the deeper electron notch potential above the Ge dot
redshifts the transition energysEad compared to the transition
energysEbd for the emission originating from the electron
potential under the base of the dot.

The asymmetry proposed is further supported by the inte-
grated PL intensity as a function of the electric field across
the structures, as shown in the inset in Fig. 2. The quenching
of the PL is a result of an increased probability for the elec-
trons to tunnel through the barrier provided by the Ge dot
when the electric field is increased. Our measurements show
that the quenching of the luminescence is faster for thep-i
-n diode than for then-i-p when the electric field is in-
creased. The nonlinear behavior of the data in the inset in
Fig. 2 is attributed to the exponential dependence of tunnel-
ing of electrons on the potential barrier. Furthermore, we

FIG. 2. Normalized PL spectra at 10 K at zero external electric
field. The luminescence is centered at 0.83 and 0.81 eV for thep
-i-n andn-i-p structures, respectively. The inset shows the normal-
ized, integrated PL intensity for the two diodes as a function of the
applied reverse electric field.

FIG. 3. Observed blueshift of the Ge dot-related luminescence
for both p-i-n and n-i-p diodes as a function of the electric field
applied. The field is defined as positive if the direction is from the
substrate to the surface contact. The error bars show the accuracy of
the fitting procedure.

FIG. 4. Arrhenius plot of the temperature dependence of the
luminescence intensity for then-i-p andp-i-n diodes at zero exter-
nal electric field applied. The extracted activation energies are dif-
ferent for then-i-p andp-i-n structuressas given in the figured. The
inset shows a schematic picture of the band alignment for the two
diodes.Ea andEb indicate the transition energies whileEc andEd

denote the energy barriers for the electrons to escape from the notch
potentials.
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have measured the temperature dependence of the PL inten-
sity for the p-i-n andn-i-p diodes. From the Arrhenius plot
in Fig. 4 we deduce two different activation energies for the
two diodes, approximately 20 meV for then-i-p diode and
about 10 meV for thep-i-n. Although the accuracy of these
estimates does not allow any quantitative conclusion, the di-
vergence confirms the evidence for different depths of the
confinement potentials for the electrons above the center of
the dot and underneath the base of the dot, as indicated in the
inset in Fig. 4.

In conclusion, we present a study of the QCSE for the
type-II Si/Ge QD system based on Stranski-Krastanov
growth. A blueshift of the QD emission is observed when an
electric field is applied. This blueshift originates from a
dominating up shift of the carrier levels due to the QCSE
although the transition energy is partly reduced due to an
increased exciton binding energy. Bothp-i-n and n-i-p di-
odes were studied in order to analyze the QCSE in both field
directions. The size of the QCSE indicates a relatively small

spatial separation about 0.4 nm between the electrons and
holes and consequently a small dipole moment. The different
luminescence properties of the two different diodes in terms
of energy position, temperature, and electric-field depen-
dence, are all consistent with the proposed asymmetric band
alignment in these structures. From the luminescence peak
energy position we estimate that the notch potential is ap-
proximately 20-meV deeper for the electrons above the Ge
dot relative to the notch underneath, which is in reasonable
agreement with the thermal activation energies evaluated for
the two transitions. This difference is due to the asymmetric
strain profile through the QD structure as a consequence of
the QD layer geometry with a wetting layer at the base of the
QDs.
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