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Optical transitions in Ge/SiGe multiple quantum wells with Ge-rich barriers
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Direct-gap and indirect-gap transitions in strain-compensated Ge/SiGe multiple quantum wells with Ge-rich
SiGe barriers have been studied by optical transmission spectroscopy and photoluminescence experiments. An
sp3d®s* tight-binding model has been adopted to interpret the experimental results. Photoluminescence spectra
and their comparison with theoretical calculations prove the existence of type-I band alignment in compres-
sively strained Ge quantum wells grown on relaxed Ge-rich SiGe buffers. The high quality of the transmission
spectra opens up other perspectives for application of these structures in near-infrared optical modulators.
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Knowledge of the band lineup at semiconductor hetero-
interfaces is one of the key requirements for understanding
the physical properties of quantum-confined structures and
their device applications. The band lineups in heterostruc-
tures containing SiGe layers are of particular relevance in
view of the compatibility of this material system with Si
processing.

In low Ge content SiGe-based quantum wells (QWs)
strained to the Si lattice parameter, a long debate originally
favoring type I (Refs. 1-3) was finally settled in terms of
type-II band alignment.* Indeed, most of the papers devoted
to the optical and electronic properties of SiGe-based hetero-
structures addressed alloys pseudomorphically grown on Si
with a Ge mole fraction of typically xg. <0.30—0.50.~7 This
was due to the difficult growth of strained Ge-rich hetero-
structures, requiring relaxed alloy buffer layers with a high
Ge content in order to avoid strain release.® No experimental
information is therefore available in the literature concerning
band alignment at Ge-rich heterointerfaces. Recently, how-
ever, Ge-rich heterostructures of exceptional quality have be-
come available for experimental studies of optical and elec-
tronic properties, thanks to innovative epitaxial growth
techniques, such as low-energy plasma-enhanced chemical
vapor deposition (LEPECVD).® SiGe heterostructures of
high Ge content are of particular interest because their opti-
cal properties are expected to exhibit close analogies to those
of direct-gap semiconductors, thanks to the proximity of the
direct I' and indirect L gaps.'® Indeed, strong quantum-
confined Stark effect associated with interband transitions
between zone-center states has been demonstrated in Ge/
SiGe multiple quantum wells (MQWSs).!l'2 On the other
hand, information on the lineup of the lowest conduction
band with L character is purely theoretical.!*!% In view of
the importance of the band lineup in MQW structures for
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Si-based photonics,!"!>!13 spintronics,'® and quantum com-
puting,!” an experimental confirmation of these theoretical
predictions appears highly desirable.

Proving the type-I band alignment in Ge-rich heterostruc-
tures strained to SiGe buffer layers of high Ge content is the
main scope of this Rapid Communication. To this end, high-
resolution absorption and photoluminescence (PL) spectra
were combined with tight-binding calculations known to be
very efficient in treating band alignment'* as well as inter-
and intra-sub-band transitions in SiGe multilayer struc-
tures.'®

The samples were grown by LEPECVD on 100 mm
Si(100) substrates with a resistivity of 1-10 ) cm. The first
part of the structure was a buffer layer graded from Si to
SigGegg over a thickness of 13 um and capped with a
2 um Sij;Gejg layer. This formed a fully relaxed virtual
substrate (VS). The MQW structure of samples 7864 and
7909 consisted of 200 Ge QWs with SiGe barriers whose
nominal Ge mole fraction was xg.=0.85. For sample 7873
the number of periods was increased to 1000. Individual
layer thicknesses were designed in order to balance the com-
pressive strain in the QWs with the tensile strain in the bar-
riers. The actual well and barrier thicknesses and the barrier
composition were determined by high-resolution x-ray dif-
fraction because in practice the growth rate is highly nonuni-
form across the wafer. As a result of this nonuniformity,
many samples were actually available from each wafer with
different well and barrier thicknesses but equal alloy compo-
sitions. Since MQW structures containing 200 and 1000
wells are more than 6 and 30 wm thick, respectively, for
wafers 7873 and 7909 we attempted to limit the growth time
by using high deposition rates (4—6 nm/s) for buffer’ and
active layers. Thus LEPECVD growth of the whole structure
of wafer 7909, including graded buffer and 200 QWs, was

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.78.041407

BONFANTI et al.

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 78, 041407(R) (2008)

TABLE I. Characteristics of the samples used in this work as obtained from the x-ray analysis. The thickness and the Ge content of QWs
and barriers and the Ge content of graded VSs are reported. ¢ and &, give the QW strain in the growth plane and perpendicular to it,

respectively.

Growth rate QW Barrier VS g £
Sample (nm s~") No. of periods d (nm) XGe d (nm) XGe XGe (1073) (1073)
7873-5 4-6 1000 54%+1.0 1.00 6.6 0.87 0.89 -4.8 3.6
7873-3 4-6 1000 199*=1.0 1.00 24.1 0.87 0.89 -4.8 3.6
7909-11 4-6 200 226*1.0 1.00 27.3 0.87 0.89 -4.8 3.6
7864-1 0.3 200 3.8%+0.5 1.00 7.7 0.83 0.90 -4.5 34
7864-3 0.3 200 6.1x1.0 1.00 12.3 0.83 0.90 -4.5 34
7864-5 0.3 200 85*+1.0 1.00 17.0 0.83 0.90 -4.5 34
7864-10 0.3 200 9.9%+1.0 1.00 22.8 0.82 0.89 -5.0 3.7

completed in a single run of just over 1 h. By contrast, the
MQWs of wafer 7864 were grown at a rate of 0.3 nm/s. VSs
with the same design but without MQW layers were used as
reference samples for the transmission measurements.

The x-ray diffraction measurements were carried out with
a PANalytical X’Pert PRO diffractometer using a Goebel
mirror and a Bartels four-crystal monochromator on the pri-
mary beam path and a triple crystal analyzer in front of a
proportional x-ray detector. High-resolution w-26 scans and
reciprocal space mapping were performed in the vicinity of
the (004) and (115) reflections. The structural characteristics
of the samples studied in this work are reported in Table I.
The optical transmission measurements were performed at
T=300 K and at T=2 K using a Jasco FT/IR-800 Fourier
transform spectrometer equipped with an InGaAs detector.
The measured optical density (OD) is defined as OD(\)
=—log o[ Its(\)/Irr(N)], where Ipg(N\) is the transmission
spectrum of the sample and Itg(\) is that of the reference
sample, both measured on samples with mirror polished back
surface. The absorption coefficient was deduced from the
OD by using the total thickness of the Ge MQWs. For PL
measurements the same Fourier transform spectrometer
equipped with an InGaAs detector and a Peltier cooled PbS
detector was used. Samples were excited using the 1064 nm
line of a Nd-doped yttrium aluminum garnet (YAG) laser
with an exciting power density of about 3 kW cm™2. At this
high excitation intensity, temperature control during PL mea-
surements was achieved by immersion of the samples in su-
perfluid liquid He.

To interpret the experimental results, electronic states and
interband absorption were evaluated by means of a first-
neighbor tight-binding Hamiltonian with sp>d®s* orbitals and
spin-orbit interaction. The fundamental cell contains a num-
ber of atomic layers corresponding to one barrier and one
well region and periodic boundary conditions are applied
both along and orthogonal to the growth direction. Self-
energies and hopping energies were chosen to reproduce the
band structure of relaxed Si and Ge bulk crystals.'” Strain
effects were then taken into account by means of elasticity
theory and scaling the tight-binding hopping parameters ac-
cording to the modified interatomic distances. Alloying in the
barrier region was described by the virtual-crystal approxi-
mation. Band alignment along the growth direction was con-

sidered in the model adding a constant term to the site ener-
gies in the barrier region. The value of this term was chosen
so as to reproduce the proper discontinuity in the valence
band (VB) as explained in Ref. 14. Interband absorption due
to vertical transitions was evaluated by sampling the two-
dimensional (2D) Brillouin zone in a neighborhood of the I’
point as described in Ref. 18, where technical details of the
method are discussed.

The optical spectra turned out to be of comparable quality
for all samples cut from wafers 7864, 7873, and 7909. Then,
in the following we shall focus on the 7864-10 sample, with
9.9-nm-thick wells and 22.8-nm-thick barriers.

The transmission spectra measured at room temperature
and at 7=2 K and the theoretical low-temperature spectrum
calculated including excitonic effects are shown in Fig. 1.
They are characterized by high value OD features, typical of
confined excitons, much better defined than those reported
for analogous structures.!"'? To interpret the near-gap ab-
sorption, we show in the inset of Fig. 1 the band-edge pro-
files at the I" and L points and the confined states obtained
from the diagonalization of the multilayer Hamiltonian. The
arrows in Fig. 1 indicate the calculated transition energies
between QW states at I', without excitonic effects. The peaks
in the transmission spectra can thus be attributed to dipole-
allowed HHn-cI'n, LHn-cI'n, and SOn-cI'n transitions.
Here, HHn, LHn, and SOn indicate heavy- and light-hole
and split-off valence states at I', respectively, and cI'n indi-
cate conduction states at I'. All of them are confined in the
Ge region with a type-I band-edge profile. In the transmis-
sion spectra, no clear evidence was found of the expected
indirect transitions at lower energies between confined hole
states at I" and conduction-band (CB) states at the L point.

The half-width at half maximum (HWHM) of the
HHI1-cI'l excitonic absorption line at 7=2 K is about 4
meV, which compares well with the width of excitonic ab-
sorption lines reported in one of the first papers published on
GaAs/AlGaAs MQWs of similar thickness.?’ The HWHM of
the HH1-cI'1 excitonic absorption at 7=300 K is narrower
than the one obtained in an analogous MQW structure with
ten periods only.?! This demonstrates the good structural uni-
formity of the present samples, in spite of the large number
of QWs, and the reduced effect of interface roughness. For
the first peak, attributed to the HH1-cI'1 transition, we mea-
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FIG. 1. Transmission spectra of the 7864-10 Ge/Siy ;3Ge g, 200
period MQW sample measured at 300 K (dashed-dotted line) and at
2 K (full line). The dashed line is the calculated low-temperature
absorption spectrum. The arrows indicate the calculated transition
energy between the QW states. In the inset the conduction and
valence edge profiles and the square modulus of the wave functions
of the electron- and hole-confined states are shown.

sure OD=1.1 at T=2 K. Considering that only the QWs
absorb at this energy, a value for the absorption coefficient of
about 1.3 10* cm™! is obtained. This compares favorably
with typical values for GaAs/AlGaAs QWs.??

The high value of the OD and the sharp rise in the ab-
sorption edge, even at room temperature, are of interest also
for applications of such structures in optical modulators. In
fact, as shown in Ref. 21, in similar QWs an electric field on
the order of 10> V m™! along the growth direction induces a
redshift of the absorption tail of about 30 meV. Given the
room-temperature absorption spectrum in Fig. 1, we may
thus expect a transmission modulation of few tenths of OD at
1400 nm upon the application of an electric field of
10° Vm~'. With MQWs of appropriate design, efficient
light modulation at room temperature may even be feasible
at 1550 nm.

In contrast to optical absorption, PL could be detected
only at low temperature and high excitation intensity. This is
probably due to the high density (10°~107 ¢m™2) of thread-
ing dislocations, typical of high Ge content SiGe alloys even
when grown on graded VSs.?® The PL spectrum of sample
7864-10 measured at T=2 K with an exciting power density
P,~3 kW cm™ is reported in Fig. 2. The spectrum is char-
acterized by a line peaking at 0.978 eV, with a weak high-
energy shoulder, and by a doublet composed of two narrower
lines peaking at 0.740 and 0.768 eV, each with a low-energy
shoulder. These two lines are superimposed onto the high-
energy tail of a large structure stemming from recombination
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FIG. 2. Low-temperature PL spectrum of the 7864-10
Ge/Sij 13Geg g 200 QW sample measured at 2 K. PL was excited
using the 1064 nm line of a Nd:YAG laser with an excitation power
density of about 3 kW cm™2. The 2 K transmission spectrum of the
same sample is also reported (dashed line).

processes associated with extended defects, mainly
dislocations.”* The PL structure at 0.978 eV coincides with
the low-energy tail of the transmission spectrum and thus can
be attributed to the direct cI'l-HHI transition. The Stokes
shift, which is the energy difference between the absorption
peak and the PL peak, is about 11 meV and can be attributed
mainly to QW width fluctuations.”> With decreasing excita-
tion intensity, the shoulder accompanying the 0.978 eV tran-
sition loses weight with respect to the main peak. For P
below ~0.7 kW cm™2, it can no longer be detected. The en-
ergy separation of these two structures of about 20 meV rules
out the attribution of the high-energy shoulder to the
cI"1-LH1 exciton recombination. The shoulder may be ten-
tatively attributed to the modulation of the high-energy tail
of the cI'1-HH1 transitions due to self-absorption effects.

The low-energy PL doublet, at 0.740 and 0.768 eV for
sample 7864-10 (Fig. 2), is present in the spectra of all
samples. Its energy varies linearly with respect to the energy
of the cI'1-HH1 excitonic recombination, as shown in Fig. 3.
This strongly suggests that these features are related to tran-
sitions between states confined in the MQWSs. The spacing
between the two lines does not depend on the energy and,
thus, on the QW thickness. For each sample, also reported in
Fig. 3 are the calculated transition energies between the low-
est confined state at L in the CB, cL1, and the HH1 valence
state plotted as a function of the calculated cI'1-HH1 transi-
tion energy. In view of the good agreement in Fig. 3 between
calculated and experimental values, we can attribute the
high-energy line of the doublet to the cL1-HH1 recombina-
tion. In the inset of Fig. 3, the experimental and the calcu-
lated energies of the cL1-HHI transition are reported as a
function of the QW thickness. The good agreement between
the experimental and calculated transition energies is there-
fore strong evidence for type-I band alignment of the L-type
CB states and the I'-type VB states in Ge QWs with Ge-rich
SiGe barriers.

The intensity ratio of the two lines of the doublet at 0.740
and 0.768 eV remains constant over 6 orders of magnitude of
the excitation power density. This strongly suggests that the
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FIG. 3. Energy of the indirect cL1-HH1 transitions and of its
phonon replica as a function of the energy of the direct cI'l-HH1
transition. The data refer to samples cut from wafers 7873 (tri-
angles), 7864 (squares), and 7909 (dots). The experimental data
(filled symbols) are deduced from low-temperature PL spectra. The
open symbols are the values calculated using the sample parameters
reported in Table I. Excitonic effects have not been included in the
calculations. In the inset the experimental and the calculated values
of the energy of the indirect cL1-HHI transition are reported as a
function of the Ge QW thickness.

lower-energy line is a phonon replica of the higher-energy
line. Also the low-energy shoulders of both lines may be
phonon replicas, as their energy shift from the main peak is
much larger than the splitting expected from one monolayer
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thickness change. The latter was evaluated to be less than 1
meV for the indirect cL1-HH1 transition. These conclusions
are supported by the fact that the energy spacings between
the line at 0.768 eV and the other structures of the doublet in
Fig. 2 are compatible with the frequency of Ge phonons at
the L point of the Brillouin zone.'?

The assignment of the 0.977 and 0.768 eV PL peaks in
Fig. 2 to direct cI'l-HH1 and indirect cL1-HH]1 transitions,
respectively, is supported by the observation that their inten-
sity ratio decreases with their energy separation (not shown).
The fact that they can be observed at all in the same PL
spectrum follows from the close I" and L CB minima in bulk
Ge, lying at Ef""=0.898 eV and Ef**=0.744 eV at low tem-
perature, respectively,'® and from the higher radiative recom-
bination rate of the I'-I" transitions with respect to the I'-L
transitions. Indeed, both transitions have been observed si-
multaneously also in bulk Ge samples.?®

In conclusion, in this Rapid Communication we have pre-
sented transmission and PL experimental spectra of Ge
MQWs between Ge-rich barriers grown by LEPECVD. A
tight-binding model has been exploited to interpret the spec-
tral features in terms of the electronic states of the analyzed
samples. Our low-temperature PL spectra provide experi-
mental confirmation of the predicted type-I band alignment
in Ge/SiGe MQWs with Ge-rich barriers. Furthermore, the
high quality of the grown samples and the corresponding
sharp transmission spectra open other perspectives for appli-
cations of such heterostructures in near-infrared optical
modulators.
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