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Reversed quantum-confined Stark effect and an asymmetric band alignment observed
for type-1l Si/Ge quantum dots
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We report on the quantum-confined Stark effect for spatially indirect transitions in Stranski-Krastanov grown
type-Il 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 photoluminescengeifar 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.
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It has been shown that the poor optical properties of Sterface above the Ge dot is deeper than the one underneath,
and Ge, due to indirect band gaps, can be improved by utiand this is attributed to an asymmetric strain profile. Such
lizing low-dimensional Si/Ge structures, e.g., quantum dotsaasymmetric strain profiles through self-assembled QD struc-
(@Ds).! In such structures, the alloy disorder and quantum4tures have several times been predicted by theoretical
confinement effects relax theconservation conditions suf- calculations>~’ The type-Il band alignment in the Si/Ge ma-
ficiently to increase the probability for optical recombina- terial system provides the possibility to study this effect in
tion. Epitaxial growth of the lattice mismatched Si/Ge QDs and this is an experimental confirmation of the asym-
material system has been demonstrated to proceed via tfeetric strain and hence the asymmetric band alignment in
Stranski-Krastanov mode under certain growth conditighs. Si/Ge QD structures. _ ) )

As a result, self-assembled Ge QDs embedded in Si matrices AS mentioned above, botp-i-n and n-i-p diodes were

can be produced in a Way that is Compa‘[ib'e W|th the Sipl’oduced in order to Study the QCSE in both field dII’eC_tIOF.IS.
technology. Accordingly, it is important to further investigate T0 be able to compare the two different structures, the intrin-
the optical transitions and carrier dynamics related to the G&IC layer of the two diodes were grown using identical
dots in the development of Si-based optoelectronic devicegirowth sequences. The samples were grown by solid-source
In spite of the fact that Si/Ge interdiffusion will lead to some Molecular-beam epitax§MBE) at a growth temperature of
alloying of the dots we will refer to them as Ge dots. 530 °C. Thep-i-n structure was grown ongdoped Si100

When an electric field is applied along a quantization di-Substrate (5x10'® cm™) and the n-i-p on an n-doped
rection of a quantum structure, the potentials in the structur&i(100 substrate(1x 10" cm ). Ten Ge dot layers, each
are tilted, causing a shift of the transition energy, theseparated by a 60-nm-thick Si spacer, were incorporated in
quantum-confined Stark effe6€@CSB.3 For type-l systems, the intrinsic region. Each dot layer was formed via the
the QCSE causes a quadratic redshift of the transitioftranski-Krastanov growth mode as a result of an 8-ML
energy?* Prior to our study, no experimental evidence for deposition of Ge on the Si surface. The lateral size of the
QCSE in Stranski-Krastanov grown Si/Ge QDs has beerflots was 20—30 nm and the height was about 2—-3 nm, as
shown. In contrast to the normally observed redshift, we redetermined from AFM measurements. Tipei-n (n-i-p)
port on a linear blueshift of the spatially indirect transition structure was capped with a 200 nmdoped (p-doped
with increasing electric field, which is characteristic for layer (5x 10'® cm™). Finally, a 160-nm contact layef2
type-ll systems. In order to probe the QCSE in both fieldx 10'® cm™3) was grown before Au contacts were deposited.
directions, measurements were performed on reversed biasdl measurements were performed at a lowest sample tem-
p-i-n and n-i-p diodes, i.e., diodes with the top layer being perature of 10 K in a He-flow cryostat and as excitation
n-doped andp-doped, respectively. Furthermore, since thesource, the 514-nm line of an Ar ion laser was used. The PL
p-i-n andn-i-p structures have their built-in electric fields in signals were analyzed with a double-grating monochromator,
opposite directions, we were able to observe the differenceogether with a liquid-nitrogen-cooled Ge detector, using a
between the conduction-ba@B) offsets at the top and bot- standard lock-in technique. In order to achieve a varying
tom interfaces of the Ge dot by comparing the luminescencelectric field across the dot structures, the diodes were re-
properties of the two diodes. The photoluminesce(Re)  verse biased. The electric field was calculated from the re-
from transitions that involves electrons located above the Geerse bias applied and the total thickness of the intrinsic
dot survives to higher temperatures and higher electric fieldiyer, taking the widening of the depletion width into ac-
than the luminescence originating from the electrons beloweount, assuming that the field was homogeneous over the
the dot, consistent with an asymmetric energy-band lineup.intrinsic region and disregarding losses originating from the

In Si/Ge QDs, the confinement of the electrons is a resultontact and wiring resistance.
of tensile strain in the Si surrounding the Ge #&f Our Since the Stranski-Krastanov growth mode in the present
results show that the notch potential for electrons at the inease is strain induced and the Ge dot formation is a result of
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Si Ge Si Si Ge Si (see Fig. 1 The only possible optical transition is then re-
(a) CE (b) lated to the paired electron and hole at the opposite side of
W pod— the dot, i.e., on the-doped side of the structure. Conse-
I a0 Exo quently, under influence of an electric field, the luminescence

from the n-i-p (p-i-n) diodes involves the electrons in the
notch potential abovéunderneaththe dot(see Fig. 1L
With an electric fieldF applied, the shift of the transition

-ﬁ/\IB
CB
energy in a quantum structure due to the QCSE can generally

(d) be described by the relation
a1 VE_ Eb S )
E(F) =E(0) - pF - BF*, (1)

ﬁ

E-field Growth direction E-field vv_here E(0) is the tran_sition energy at_ zero fields,is the
dipole moment, angB is the polarizability of the electron-
hole systent! At zero field in type-I quantum structures, the
dipole moment is close to zero and the polarizability term is
FIG. 1. Schematic illustration of the energy-band alignment inpredominant, resulting in a parabolic dependence for the
the growth direction through Ge QDs embedded in Si at zero exQCSE with a quadratic redshift of the transition energy as a
ternal fields for am-i-p (a) andp-i-n (b) diode. Due to the asym- function of the electric field. In contrast to type-l quantum
metric strain profile through the structures, there are deeper potestructures, a built-in dipole moment is always present in
tials for the electrons above than underneath the dots. The built-ifype-II structures, since the electron and the hole are spatially
electric field from the doped layers on each side ensures tiltedeparated. The dipole momept dominates the QCSE in
bands. At applied reverse biasmi-p (c) andp-i-n (d) diodes with  those structures and the field dependence is consequently
Ge QDs, electrons on the-doped side escape while electrons on gominated by the linear terfd Figure 1 shows the principles
the p-doped §|de are able to recomblne with hol_e_s in the Ge dotsyf the QCSE in Si/Ge QDs, wheig,, and E,, denote the
The QCSE gives rise to a blueshift of the transition energy undebptical transition energies at a zero external field whg
influence of a field, I.e.Eao<Ea; andEyo<Epy. andE,, indicate the transition energy with an applied electric
field for n-i-p and p-i-n diodes, respectively. Even without
elastic relaxation, the Si above and below the dots exhibitany external field applied there is a built-in field across the
tensile strairt.? It is known that in tensile strained Si, the structure due to the doped layers. This electric field, approxi-
sixfold degeneracy of the CB is split up into2) andA(4)  mately 10 kV/cm, will also produce a small quantum-
bands. TheA(2) valleys are downshifted, which results in a confined Stark shift. The built-in field is adding a constant
type-1l band alignment at the interface between a Ge dot andalue to the total shift and is therefore left outside the analy-
the surrounding Si>8-1%In the valence ban@vB), there is  sis of the field dependence. The electron-hole dipole moment
a large offset and the holes are confined inside the Ge dd$ negative in our structures as a consequence of the band
while the electrons are located in the notch potential of thealignment and the Ge dot-related emission is thus expected
surrounding Si. Consequently, the optical transitions will beto blueshift at increased electric field, i.&,,<Ey and
essentially spatially indirect in Si/Ge QD structures. Epo<Ep; in Fig. 1. The linear QCSE has several times been
The structural properties were evaluated by AFM mea-experimentally demonstrated for various type-ll multiple
surements on similar but uncapped structures and the Ge dagsantum well structure’$:13 Two effects compete when the
were determined to be of elongated or square pyramidatlectric field is applied along the growth direction of a quan-
shape. The base is surrounded by a Ge rich wetting layetum structure. First, there is the shift due to the QCSE of the
while the upper part of the dot is allowed to elastically relaxbound states of the electrons and holes as discussed above.
to form these pyramidal shapes, giving rise to an asymmetriSecond, the electric field also affects the exciton overlap
strain distribution in the surrounding Si during capping. Thefunction and accordingly its binding energy. Hence, the tran-
tensile strain in the Si above the Ge dot should then bsaition energy dependence on the electric field is sensitive to
higher than in the Si underneath the dot, as has been préie exciton binding energy as well as the confinement poten-
dicted in several theoretical worRs’ Since the magnitude of tial profile. In type-1 Si/SiGe quantum wells, the electron is
the tensile strain in the Si determines the size of the downweakly confined and the reduction of the exciton binding
shift of the SiA(2) valleys, we expect these structures toenergy is thought to compensate the QCSE related redshift
exhibit an asymmetric energy-band lineup where the deepestnce the expected redshift is abs&hin our type-Il struc-
electron potential is located right above the center of the Géures, on the other hand, the exciton binding energy increases
dot (see Fig. 1 Interdiffusion of Si and Ge during the with increasing field which enhances the overlap function
growth is always present and will provide gradual changes irsince the spatial separation of the electron and hole de-
the VB and CB, which result in a band lineup with smooth-creases. There is also a nonlinear up shift of the energy levels
ened potential barriefs. as a result of increased confinement of the carriers at an
When there is a sufficiently strong, built-in and/or exter-applied field. However, we expect this effect to be small in
nal, electric field, the unpaired electrons at the lower energgomparison to the energy shift caused by the dipole moment.
interface of the Ge dot can escape from the notch potential Figure 2 shows PL spectra of the two different structures
due to the field and the separation of the electrons and holegt 10 K. In order to make a more accurate determination of
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FIG. 2. Normalized PL spectra at 10 K at zero external electric
field. The luminescence is centered at 0.83 and 0.81 eV fopthe
-i-n andn-i-p structures, respectively. The inset shows the normal
ized, integrated PL intensity for the two diodes as a function of th

applied reverse electric field.
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FIG. 4. Arrhenius plot of the temperature dependence of the
luminescence intensity for thei-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 structureqas given in the figure The
inset shows a schematic picture of the band alignment for the two

diodes.E, and E, indicate the transition energies whitg and E4
denote the energy barriers for the electrons to escape from the notch
potentials.

the energy position of the luminescence from Ge dots, broadneasurements that have been interpreted in terms of a dra-
ened due to the inhomogeneous size and composition distnmatic Stark shift of the absorption edge for Ge QDs in Si due
bution, the peaks were fitted to Gaussian distributions. Figto an electron-hole separation of 5 AfnHowever, their
ure 3 shows the resulting energy shift of the Ge dot-relatedtructures are quite different from ours: The structures were
emission as a function of the electric field for the-n and  not grown using the Stranski-Krastanov growth mode, but
n-i-p structures. The blueshift of the emission observed witithe Ge islands were instead formed on Si®sulting in is-
increasing electric field due to the QCSE is approximatelylands with a higher height-to-width ratio. The transition en-
linear indicating that the built-in dipole moment is the domi- ergies were very close to the band gap of Si and not around
nating factor in the QCSsee Eq(1)], as expected for this 0.8 eV as in our case. The magnitude of the QCSE in the
type-1l system. We conclude that the reduction of the transipresent study indicates that the electron-hole separation is
tion energy due to increased binding energy of the exciton ispproximately 0.4 nm.
not large enough to cancel the blueshift of the emission peak To further investigate the band alignment, temperature
but will just decrease the magnitude of the blueshift. and electric-field-dependent measurements were performed.
A large dipole moment and hence a large spatial separaAs discussed above, the geometry and strain considerations
tion of the electron and hole is required to ensure a largémply that the notch potential for the electrons is expected to
QCSE in type-ll systemfsee Eq.1)]. Yakimov et al. have  be deeper above than underneath the Ge dot. Already a
recently published results of room-temperature photocurrerglance at the PL spectra in Fig. 2 implies an asymmetry of
the band alignment since the dot-related emission forpthe
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-i-n structure is blueshifte.83 eV} versus then-i-p struc-

ture (0.81 e\j. 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 energf,) compared to the transition
energy (E) 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

FIG. 3. Observed blueshift of the Ge dot-related luminescencdéhat the quenching of the luminescence is faster forghe

for both p-i-n and n-i-p diodes as a function of the electric field -n diode than for then-i-p when the electric field is in-

applied. The field is defined as positive if the direction is from thecreased. The nonlinear behavior of the data in the inset in
substrate to the surface contact. The error bars show the accuracylefg. 2 is attributed to the exponential dependence of tunnel-
the fitting procedure. ing of electrons on the potential barrier. Furthermore, we
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have measured the temperature dependence of the PL intespatial separation about 0.4 nm between the electrons and
sity for the p-i-n andn-i-p diodes. From the Arrhenius plot holes and consequently a small dipole moment. The different
in Fig. 4 we deduce two different activation energies for thelJuminescence properties of the two different diodes in terms
two diodes, approximately 20 meV for thei-p diode and  of energy position, temperature, and electric-field depen-
about 10 meV for the-i-n. Although the accuracy of these yance are all consistent with the proposed asymmetric band

estimates does not allow any quantitative conclusion, the d'élignment in these structures. From the luminescence peak

vergence confirms the evidence for different depths of the ner osition we estimate that the notch potential is ap-
confinement potentials for the electrons above the center orergy p P p

the dot and underneath the base of the dot, as indicated in tHs0Ximately 20-meV deeper for the electrons above the Ge
inset in Fig. 4. dot relative to the notch underneath, which is in reasonable

In conclusion, we present a study of the QCSE for thedgreement with the thermal activation energies evaluated for
type-ll Si/Ge QD system based on Stranski-Krastanowhe two transitions. This difference is due to the asymmetric
growth. A blueshift of the QD emission is observed when anstrain profile through the QD structure as a consequence of
electric field is applied. This blueshift originates from athe QD layer geometry with a wetting layer at the base of the
dominating up shift of the carrier levels due to the QCSEQDs.

although the transition energy is partly reduced due to an . ) )
increased exciton binding energy. Bgpki-n and n-i-p di- This work has been supported by the Swedish Foundation

odes were studied in order to analyze the QCSE in both fielor Strategic Researct8SH within the NANOPTO Project
directions. The size of the QCSE indicates a relatively smaljnd INTAS within the NANO-0444-2001 Project.
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