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We have investigated the luminescence from monolayer-thick Ge quantum wells pseudomorphic to Si~100!
substrates. The electronic structure of these quantum wells was investigated by uniaxial stress, and
polarization- and temperature-dependent electroluminescence. By identifying the symmetry and origin of the
wave functions involved in the optical transitions, it was found that both the confinement in the thin wells, as
well as the interface between the wells and the surrounding material, play an important role for the emission.
@S0163-1829~96!03524-2#

INTRODUCTION

The possibility of growing high-quality SiGe heterolayers
pseudomorphic on a Si substrate has opened up many con-
cepts for devices, such as heterojunction bipolar transistors,1

IR detectors, and wave guides.2 This, together with an in-
creasing scientific interest, is one of the reasons for several
investigations on the luminescence properties of Si12xGex
alloy quantum wells ~QW’s! with Ge contents of
10–40 %.3,4 The luminescence properties of such thin alloy
layers are by now well understood. They consist of a no-
phonon line as well as different momentum-conserving pho-
non replicas. The energies of these luminescence features are
lower than the Si band-gap energy, mainly due to the large
compressive strain in the alloy layer. The current understand-
ing of samples with high Ge content is, however, still rather
limited partly due to the built-in elastic energy which limits
the thickness that can be grown without generation of dislo-
cations or three-dimensional growth. The maximum thick-
ness for Ge contents above 50% is of the order of a few
nanometers, and, for pure Ge, the maximum thickness is re-
ported to be 4–6 ML.5–8 Systems of thin Ge monolayers
pseudomorphic on Si therefore require monolayer-sharp in-
terfaces. In structures which include multilayer sequences of
different atomic species such as, e.g., Si and Ge, the situation
is further complicated due to the segregation of Ge during
growth. It is, however, possible to grow monolayer-sharp
structures by molecular-beam-epitaxy~MBE! surfactant-
assisted epitaxy.9

Optical properties of such structures are of interest for the
following reasons:~1! In a QW of a few monolayers thick-
ness, the transition energy is governed not only by the large
strain which reduces the transition energy, but also by a com-
parably large confinement energy which shifts the transitions
to higher energies.~2! Effects due to the random nature of
alloys are not expected in the optical spectra, since these
structures do not contain alloy layers.~3! Theoretical

predictions10 suggest that the electronic properties of such
structures are greatly influenced by interfaces, and should
therefore exhibit an enhanced optical transition probability
for no-phonon transitions due to the scattering of electrons at
the Si-Ge interface. We reported earlier11,12on a preliminary
study of luminescence properties in such systems, but addi-
tional experiments were necessary in order to determine the
origin of the electronic states involved in the transitions.

To further increase our understanding of the luminescence
properties, we have investigated the photoluminescence~PL!
and electroluminescence~EL! of QW’s consisting of nomi-
nally 2–4 ML of Ge grown pseudomorphically on Si, both in
normal incidence and from polished edge surfaces perpen-
dicular to the growth direction. Additional investigations
were performed by studying the luminescence signals under
uniaxial stress along thê110& crystallographic axis. Two
luminescence lines originating from the structure were con-
clusively identified to arise from a no-phonon~NP! line and
a TO-phonon replica. By examining the polarization depen-
dence of the NP line, the symmetry of the intermediate state
atG158,c , over which the indirect transition occurs, was iden-
tified. When studying the effect of doping, the luminescence
energies were found to be little affected by doping. We see,
however, a large confinement shift of the band-gap energies
depending on the thicknesses of the Ge layers. It was further
observed that the confinement shift determines the quantum
efficiency of the luminescence at room temperature.

EXPERIMENTAL DETAILS

The samples used in this study were grown onp1 sub-
strates in a MBE apparatus13 with elemental sources of Si,
Ge, Sb, and B. The Si was evaporated from ane-gun evapo-
rator, while the other sources were effusion cells. Details of
the structures are presented in Table I. The samples consisted
of two QW’s of Ge, each of them with a thickness of 2–4
ML, separated by pure Si. In one set of samples~samples
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2A and 4A), the two Ge wells were separated by 17 ML of
Si, and on one side clad by ten nanometers of a Si12xGex
alloy layer. These double-QW structures were repeated ten
times, separated by 40 nm of Si. The 40 nm of Si are ex-
pected to be sufficient for the QW structures to behave as
isolated systems. The QW structure was then clad by an
n-type alloy cap layer of 5% Ge to act as a waveguide for the
light in the epilayer, and to provide ap-n junction for diode
measurements.

In the other set of samples, the two Ge wells were sepa-
rated by 20 ML of Si, and clad by alloy layers on both sides.
The structures were separated by 50 nm of Si and the
n-type waveguide layer consisted of 2.5% Ge. One example
of these structures~sample 3B) is shown in the inset of Fig.
1.

Sharp interfaces were obtained by depositing 1 ML of Sb
on top of the growing structure to prevent segregation of Ge.
Though the spontaneous incorporation of Sb resulted in an
n doping of about 831017 cm23, the entire QW structure
was still p type due to overcompensation with B of varying
concentration in the range between 131018 and 131019

atoms/cm23. Resulting from the highp doping, the injection
efficiency of electrons into the quantum-well region is ex-
pected to be low. However, even for samples with the high-
est B concentration, the luminescence intensities have been
large enough to study the EL properties of the QW’s without
greater difficulties.

Selected samples were investigated by double-crystal dif-
fractometry ~DCD!, transmission electron microscopy
~TEM!, and x-ray triple-axis diffractometry. The rocking
curve ~RC! obtained from the DCD measurements fit simu-
lated data, and a simulation with parameters close to the
nominal values of the structure yields a RC that fits well to
the experimental RC. The TEM micrographs showed excel-
lent structural quality in terms of planarity and interface
sharpness. From the DCD measurements it was seen that the
perpendicular lattice constant of Ge QW’s correspond to
fully strained Ge. Furthermore, in a recent publication7 on
the crossover between two- and three-dimensional growth of
monolayers of Ge, where no surfactant was used during
growth, it was seen that the energies of the NP lines from the
Ge wells shift to higher energies due to the interdiffusion of
Si and Ge at the well boundaries. All these findings clearly

show that the samples used in this study indeed consist of
pure Ge wells with thicknesses deviating with a maximum of
10% from the nominal values. It is not possible from the
TEM and PL investigations to exclude a slight interdiffusion
in the absolute vicinity of the Ge wells~2–3 ML!. It is,
however, irrelevant for the scattering mechanisms that will
be discussed below if the interface consists of one or a
couple of monolayers.

The samples were processed into two types of diodes for
electrical measurements: mesa diodes of varying diameters
with optical windows for studies at normal incidence, and

TABLE I. List of samples which have been used in this study. The valuem is the number of Ge
monolayers, which is also indicated by the first digit of the sample label.n is the number of Si monolayers
between the Ge wells.x is the Ge concentration in the surrounding alloy. The column ‘‘alloy cover’’ denotes
whether the alloy of the previous column covers one or both sides of the QW structure.H is the separation
of the QW structures.NA is thep doping in the multiple-quantum-well structure. The last column gives the
energy of the no-phonon EL emission.

Sample m n x Alloy cover H ~Si! NA (10
18 cm23) NP energy~eV!

2A ~B2818! 2 17 0.15 Single 40 5 1.026
2B ~B2976! 2 20 0.15 Double 50 5 1.018
2C ~B2975! 2 20 0.15 Double 50 10 1.021
3A ~B2974! 3 20 0.15 Double 50 5 0.970
3B ~B2943! 3 20 0.15 Double 50 10 0.984
4A ~B2817! 4 17 0.20 Single 40 5 0.918
4C ~B2977! 4 20 0.15 Double 50 1 0.935
4D ~B2942! 4 20 0.15 Double 50 10 0.934

FIG. 1. PL spectra emitted with polarization in the plane of the
epilayer (xy polarized! and in the growth direction (z polarized!.
The spectra in the upper part of the figure have been measured in a
Si0.8Ge0.2 QW at 2 K, and the spectra in the lower part have been
measured at 16 K on sample 3B, a 3-ML Ge QW sample. The inset
shows the layer structure of sample 3B.
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diodes of waveguide geometry used in polarization measure-
ments. Samples with waveguides had most of the top surface
metallized, and their lengths varied between 1 and 4 mm
with lithographically defined stripe widths of 100mm. The
end ^110& facets were mechanically polished.

PL measurements were performed on samples with pol-
ished end facets, but otherwise unprocessed. A BOMEM
DA8 Fourier-transform spectrometer was used in the polar-
ization measurements. Excitation in the PL experiments was
provided by an Ar1-ion laser, and the luminescence was
detected by LN2-cooled InxGa12xAs or North-coast Ge de-
tectors. The polarization dependence was measured using a
holographic grid polarizer on a CaF2 substrate in front of the
cryostat window.

RESULTS AND DISCUSSION

PL spectra of the 3-ML sample with the luminescence
light polarized in the plane of the layer (xy polarized! and in
the growth direction (z polarized! are shown in the lower
half of Fig. 1. Due to the high doping, all bulk PL lines are
broad, implying that different emission peaks overlap. Nev-
ertheless, by comparing the emission of different samples
with the luminescence signature of the substrate, an assign-
ment of the different PL peaks to different layers has been
possible. The peaks around 1.08 eV and the broad peak at
1.03 eV originate from the Si substrate as well as the SiGe
cap layer, while the two peaks at 0.97 and 0.92 eV originate
from the QW structure.11 The high-energy peak from the
QW showed a higher intensity forxy-polarized light than for
z-polarized light, while the low-energy peak did not exhibit
any polarization dependence at all. In our earlier
communication,14 these two peaks were tentatively assigned
to a no-phonon~NP! transition and a TO-phonon replica. A
comparison of sample 3B with the polarization-dependent
PL spectra of a Si0.8Ge0.2 alloy QW, which can be seen in
the upper half of Fig. 1, indicates that mainly the Si-Ge TO
vibration is present in the Ge-monolayer spectrum. This is
reasonable considering that the structure is dominated by
Si-Ge bonds at the spatial positions of the scattering poten-
tial, i.e., at the interfaces between Si and Ge. It is also seen
that the polarization dependence of the alloy QW is virtually
negligible. The NP line at 1.04 eV showed a slightly higher
intensity for theE//xy than for theE//z polarization, but the
difference is smaller than in sample 3B.

Our samples also exhibited a strong electroluminescence.
EL spectra observed in samples 2B, 3A, and 4B, and mea-
sured with the electric-field vector parallel and perpendicular
to the layers, are shown in Fig. 2. For these measurements,
the edge-emitting structures were used. A considerable red-
shift of the luminescence is observed with increasing Ge
layer thickness. Otherwise, the spectral features of the differ-
ent samples are rather similar: The emission consists of two
peaks separated by about 50 meV. The high-energy peak is
mainly composed ofxy-polarized light, while the low-
energy peak is only slightly polarized. The apparent change
in intensity of the low-energy peak observed for different
polarization is probably due to a partial overlap of the two
peaks.

In order to identify the transitions, the electronic states at
the bottom of the valence and conduction bands have been

modeled by an effective-mass approach where the valence-
band offset and deformation potentials from Ref. 14 have
been used. The calculated band diagram for the structures
exhibited in the inset of Fig. 2 clearly shows that the main
band offset is in the valence band. Although several bound
states exist, only the two lowest bound heavy-hole states,
hh1 and hh2, have been plotted. Due to the sign of the de-
formation potential for the valence band, the hh state of a
structure pseudomorphic to Si is always higher in energy
than the light-hole state. Due to the strain, the four equiva-
lentD minima in the conduction band are split into a twofold
setD2 for the electron wave vectork in the growth direction,
and a fourfold setD4 for k in the plane of the QW. Whether
or not theD4 states are bound depends on the conduction-
band alignment which is still under discussion.15,3 In either
case, the offset is small, and the states therefore resemble
bulk states of the barrier material. ForD2 states, the band
offset is without any doubt type II due to the sign of the
deformation potential. P doping may, however, transform
both types of states into bound states, as the Coulomb attrac-
tion of holes in the QW’s introduces a confining potential
which results in a band bending.

Our calculations show that several different states may
participate in the emission. In addition to the NP line and its
TO replica, it is, for example, possible to anticipate transi-
tions over the different types of conduction-band minima
~twofold or fourfold, respectively!, since it is expected that
these electronic states should have approximately the same
energy position. Furthermore, the hh1 and lh1 states in the
valence band are energetically close when the confinement is
taken into account. In order to examine the origin of the two

FIG. 2. Electroluminescence spectra for samples 2B, 3B, and
4C with 2-, 3-, and 4-ML Ge wells, respectively. The measure-
ments have been performed by detecting light which has been po-
larized in the plane of the layer (x,y polarized! as well as in the
growth direction (z polarized!. The inset shows results obtained
from an effective-mass calculation using the structural parameters
of sample 3B ~see text!.
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luminescence lines in more detail, and to investigate whether
or not different electronic states are responsible for the two
lines, additional experiments involving uniaxial stress and
different temperatures were therefore carried out.

A distinction between the different cases is possible by
performing uniaxial stress experiments, since the different
conduction-band minima shift differently under applied ex-
ternal pressure, whereas the NP transition and its phonon
replica are expected to shift with the same slope. Figure 3
shows results which have been obtained from an investiga-
tion of the PL spectra of sample 4C under uniaxial stress
parallel with the^110& direction. It is readily seen that the
two main peaks shift with similar slopes to lower energies as
the applied stress is increased. The energy positions of the
various peaks are plotted in the inset of Fig. 3, showing that
the common shift of the two QW peaks is about27.5 meV/
kbar, i.e., about twice as large as for the Si-TO replica.
Though a comprehensive theoretical analysis of the uniaxial
stress behavior of the luminescence lines is beyond the scope
of this paper, valuable information can nevertheless be
gained from a brief discussion of the observed shift. The
splitting of the conduction- and valence-band maxima in Si
and Ge is well described by deformation potentials for small
strains. For stress along the^110& direction, it is found that
the x,y ~in plane! conduction-band minima shift to lower
energies by an amountD/3, whereD is the total-energy split-
ting between thexy and z valleys, respectively, in the ab-
sence of the built-in strain. In the valence band, external
stresses will shift the heavy-hole valence band downwards
and the light-hole band upwards in energy. These simple

considerations, together with the magnitude of the observed
shift, suggest that the luminescence we observe from the
QW’s originates from a NP transition and its phonon replica
due to transitions between thexy conduction band and the
heavy-hole valence band. It is also seen in Fig. 3 that the
relative polarization ratios do not change with increasing
uniaxial stress, an observation which additionally strengthens
the assumption of a NP line and a TO replica.

The temperature dependence of EL for sample 2A with
nominally 2-ML Ge wells and a doping of 531017 cm23 is
shown in Fig. 4. The spectra have been measured on a mesa
diode with a diameter of 400mm and an injection current of
40 mA. It is clearly seen that the ratio of the two peaks is
rather constant in the energy range where the two peaks can
be separated. If the peaks were due to different initial elec-
tronic states in thermal equilibrium, one would expect a tem-
perature dependence of the ratio, reflecting the thermal dis-
tribution of the carriers in the two states. Since this is not the
case, additional support is obtained for the hypothesis that
the two peaks are a no-phonon line and a TO-phonon replica,
arising from the same initial electronic state or from elec-
tronic states of similar energy.

The final energies and wave functions for these types of
structures with only very thin Ge barriers are mainly given
by the conduction-band edge of the surrounding Si12xGex
alloy layers. The electronic wave functions observed in the
transitions can therefore be modeled by using the symmetry
properties of the bulk wave functions of biaxially com-
pressed Si. A comprehensive study of the excitonic absorp-
tion properties of Si under uniaxial stress is, e.g., found in
Ref. 16, where the authors studied the strain shifts and po-
larization selection rules for TO-phonon-assisted indirect
transitions. The intensities for excitonic lines in optical spec-
tra corresponding to TO-assisted indirect transitions between
the G258,n valence andD1,c conduction bands are propor-
tional to16

FIG. 3. Photoluminescence spectra as a function of uniaxial
stress along thê011& direction. The inset shows the stress shift for
the QW lines and the substrate line, respectively.

FIG. 4. EL spectra obtained at different temperatures from
sample 2A with nominally 2-ML Ge wells and a B doping of
531017 cm23. The spectra have been measured on a diode with a
diameter of 200mm and an injection current of 40 mA. The spectra
are not plotted to the same scale in order to emphasize that the two
lines maintain the same intensity relationship as the temperature is
varied.
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g5S U^G258,nuê•puG158,c&^G15,cuHpuD1,c&
E~D1,c!2E~G15,c!

U2

1U^G258,nuHpuD5,n&^D5,nuê•puD1,c&
E~G258,n!2E~D5,n!

U2D , ~1!

whereê is the unit polarization vector of the incident electric
field, p is the linear momentum of the electron, andHp is the
Hamiltonian for the electron-phonon interaction. The first
term on the right-hand side of Eq.~1! is due to the contribu-
tion of indirect processes via theG158,c conduction band as
an intermediate state, while the second right-hand term is the
contribution of indirect transitions via theD5,n valence-band
intermediate state. It was found, both experimentally and
theoretically, that the only symmetry-forbidden transition in
the stress spectra is the transition between the hh (u 32,

3
2&)

valence band and theD2 conduction band for light polarized
with the electric-field vector perpendicular to the stress axis,
i.e.,E//x,y in our notation. All other transitions are allowed
for any polarization, and, specifically, the TO-assisted
D4-hh transition is of equal magnitude for both polarizations.

The selection rules apply for TO-assisted transitions, and
can be used in our case since, in principle, only TO phonons
have been observed in the PL and EL spectra of Si/Ge mi-
crostructures. When studying the selection rules for NP lines,
which in indirect semiconductors involves an intraband scat-
tering in k space, one has to consider matrix elements be-
tween the basis function of the conduction and valence bands
at the points in the Brillouin zone over which the NP transi-
tions take place. In principle, only two points have to be
considered, theG point and the point at the conduction-band
minima. Furthermore, it is reasonable to assume that elec-
trons are more affected by scattering processes ink space
due to the Ge layers than the holes, since this is the case in Si
and Ge.16 A set of unperturbed wave functions for@001#
stress and holes atG258 can be chosen as17

u 32 ,
3
2 &0015A1

2 u~X1 iY!↑&,

u 32 ,
1
2 &0015A1

6 u@2Z↑1~X1 iY!↓#&, ~2!

u 12 ,
1
2 &0015A1

3 u@Z↓2~X1 iY!↓#&,

where X, Y, and Z are the valence-band wave functions
which transform as atomicp functions under the operations
of theTd group, and↑ and↓ indicate spin-up and spin-down,
respectively, referring to the stress axis. If one choosesx,
y, andz as basis functions of theG158,c conduction band, it
has been shown18 that the only nonzero matrix elements of
ê•p betweenG258,n andG158,c are given by

^Xupyuz&5^Zupyux&5^Yupzux&,

^Xupzuy&5^Zupxuy&5^Yupxuz&Þ0. ~3!

The outcome of this discussion is summarized in Fig. 5,
where all allowed optical transitions for both the NP lines
and TO replicas are shown. Since the TO replica in our spec-
tra has always been observed with similar intensity, indepen-
dent of polarization~see Figs. 1, 2, and 3!, we conclude that
the TO lines originate mainly from transitions between hh

states andxy conduction-band states, as exhibited in Fig. 5.
It is also noticed that the NP transition with in-plane polar-
ized light (E//x,y) is only allowed toz components in the
conduction band. Since the NP line of all luminescence spec-
tra measured in our Ge-monolayer samples is mainly ob-
served withE//xy, we believe that this transition occurs
from the hh-hole valence subband overz components in the
conduction band atG158,c2.

A comparison of the polarization-dependent PL spectra of
a Si12xGex alloy quantum well ~Fig. 1!, with the Ge-
monolayer samples reveals that the NP line in the alloy spec-
trum is essentially independent of polarization. This differ-
ence can be understood if one considers the possible
mechanisms for the NP line in the two different cases. It is
generally believed that the random-alloy scattering in an al-
loy QW gives rise to the breakdown of selection rules for
indirect transitions. This scattering is, however, totally iso-
tropic and does not introduce a preference in the symmetry
of the final states in the scattering process. In the case of
Ge-monolayer samples, it is reasonable to assume that the
scattering due to the Si-Ge interface is highly anisotropic.
For xy electrons, moving in the plane of the QW, the scat-
tering potential is mainly a result of the Si-Ge bonds between
the two different layers. The experimental observation that
only electrons ofz symmetry at the zone center participate in
the NP line can be understood in terms of scattering of the
x,y electrons by the Si-Ge bonds perpendicular to the plane
of the quantum wells.

In addition to the polarization selection rules, the energy
shift due to the confinement variation caused by the number
of ML’s of Ge is another important observation~Fig. 2!. It
has been observed earlier that the confinement has consider-
able consequences for the temperature dependence of the re-
combination processes at higher temperatures. The tempera-
ture dependence of the photoluminescence was studied in a
previous publication,11 where the decrease in PL intensity at
higher temperatures was found to be due to the thermaliza-
tion of trapped carriers out of the QW’s. The temperature
dependence is well described by the formula

I5I 0~11geEa /kT!21, ~4!

with an activation energy (Ea) close to the hole confinement
energy. The intensity of the EL, which goes through a maxi-
mum at a temperature of about 100 K, has a temperature
dependence slightly different from the PL. The decrease in

FIG. 5. Band lineup as obtained from our calculation. The ar-
rows indicate different interband transitions. The polarization of the
light is labeled for different transitions.
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intensity below 100 K is very similar for all samples, and is
not fully understood. It should, however, be kept in mind that
the sample has a thick cap layer that is relatively low doped.
The freeze-out occurring in this layer can therefore shift
more of the recombination to this part of the sample. In the
range 100–300 K, a thermalization very similar to the PL
behavior is seen in EL. The difference in confinement ener-
gies determines therefore the room-temperature EL behavior.
In Fig. 6, an EL spectrum measured at 30 K is compared

with the room-temperature~RT! spectrum of a 2-ML sample
~sample 2A) and a 4-ML sample~sample 4A). The inte-
grated intensity of the 4-ML sample at RT is actually greater
than at 30 K, and the decrease in luminescence when going
from 77 K to RT is only about 30%. For the 2-ML sample,
the decrease in intensity is much larger. At room tempera-
ture, the QW luminescence disappears, and only a peak at
higher energy~1.05 eV! is observed, which is probably be-
cause of recombination in the barrier material since the car-
riers are less bound in the well due to the large confinement
shift. The 3-ML samples display an intermediate situation
where the EL at room temperature is composed of emission
both from the barriers and the wells.

CONCLUSION

We have investigated the luminescence properties of ul-
trathin Ge QW’s pseudomorphic to Si, and found that the
luminescence energy, which is only weakly dependent on
doping, is strongly effected by the thickness of the Ge layer.
The thickness therefore indirectly determines the room-
temperature EL efficiency in diodes. Stress and temperature
dependence allow us to assign the NP line and the TO replica
to the same electronicD4-hh transitions. The polarization
dependence of the two lines demonstrates the importance of
interfaces for the scattering process.
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