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Optically detected magnetic resonance has been employed for the first time on photoluminescence
from a Si/Si| -xGey strained-layer superlattice. Emission bands occur at 0.87 and 0.8 eV. One of the
resonances is anisotropic with gy =4.46 £0.05 and g, <0.4 and is assigned to holes of the J. =+ %
valence band in the SiGe layers. This result demonstrates that at least part of the emission must origi-
nate from the superlattice region of these structures.

PACS numbers: 78.65.Gb, 73.20.Dx, 76.70.Hb

There has been much interest recently in the study of
layered semiconductor structures composed of materials
which have significantly different lattice parameters.
These so-called strained-layer structures (e.g., GaSb/
AlSb, InGaAs/GaAs, etc.) offer new avenues for band-
structure engineering and use in integrated optoelectron-
ic systems.! In particular, there has been much attention
given to the growth of Si/Si, - ,Ge, heterostructures and
short-period Si/Ge superlattices (lattice mismatch
~4%) because of the potential for optoelectronic devices
that emit in the near infrared (1.3-1.6 um) and for the
possibility of faster switching times and larger gains in
heterojunction bipolar transistors (HBT’s).

There exists a fundamental need to determine the
conduction- and valence-band offsets and strain splittings
that will govern the optical and transport properties of
this system. A dramatic lowering of the indirect band
gap, relative to that of unstrained bulk SiGe alloys, has
been observed via photocurrent spectroscopy in coherent-
ly strained Si/Si; - ,Ge, superlattices grown on (001)Si.2
Also, the E¢ and E | optical transitions have been studied
by electroreflectance measurements on similar samples. >
Recently, photoluminescence (PL) has been observed in
short-period Si/Ge strained-layer superlattices with total
period <20 A.4® Most noteworthy, there is support
from these experiments for the existence of a quasidirect
energy gap due to predicted zone-folding effects.’
Overall, little is known about the character of the emis-
sion in these structures.

The technique of optically detected magnetic reso-
nance (QDMR) has been employed for the first time on
photoluminescence from a Si/Si;—,Ge, superlattice.
The present studies on a structure with total period of
160 A provide clear evidence that the highest confined-
hole subband in the SiGe layers is derived from the
J, == % valence band (VB) due to the combined effects
of strain and quantum confinement. The g tensor associ-

ated with the Zeeman splitting of the hole states is de-
scribed by gy=4.46 +0.05 and g, <0.4, where |l refers
to the superlattice axis. Also, the results demonstrate
directly from the magnetic resonance signature of the
hole that the emission does originate from the superlat-
tice region in this structure.

The sample investigated in this work was grown by
molecular-beam epitaxy at 530°C on an (001)-oriented
Si substrate. The structure was composed on a 1000-A-
thick Si buffer layer followed by alternating layers of
Sio.6sGeo3s (40 A) and Si (120 A). The total superlat-
tice thickness was 0.96 ym.

The PL emission was excited with 633-nm radiation
from a HeNe laser or 476- and 531-nm lines from a Kr *
laser. The incident power densities were approximately
0.1-1 W/cm? The infrared emission was collected
through a SPEX #-m double-grating spectrometer and
detected with a Northcoast liquid-nitrogen-cooled Ge
photodiode. The sample was immersed in a helium bath
(~1.6 K) in the tail section of an optical cryostat.

The magnetic resonance was detected synchronously
as the change in the total photoluminescence intensity
which was coherent with the on-off amplitude modula-
tion (~200 Hz) of 50 mW of microwave power. The
experiments were carried out at both 24 GHz (K band)
and at 35 GHz (Q band) in conjunction with a 9-in.
electromagnet (maximum field strength =1.1 T) and an
Oxford Instruments 7-T split-coil superconducting mag-
net, respectively. Angular studies were performed with
the applied magnetic field rotated in the (110) plane.

The effects of strain and quantum confinement on the
conduction- and valence-band structure in Si/Si;—,Gey
superlattices similar to the sample investigated in this
work have been predicted by Pearsall et al.> A schemat-
ic representation of the conduction- and valence-band
structure is shown in the inset of Fig. 1. Most of the
band-gap discontinuity occurs in the valence band.® It is
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FIG. 1. Photoluminescence spectra of the front (superlat-

tice) and back (substrate) surfaces obtained at 1.6 K with
633-nm excitation. Inset: Schematic representation of energy
band structure as described in text. Type-I and -II recombina-
tion transitions are both shown due to the uncertainty in the lo-
cation of the conduction-band (CB) minimum in the superlat-
tice.

not clear if the electron ground subband level in the
present sample is in the Si or SiGe layers after one takes
into account the small conduction-band offset. In addi-
tion, the SigesGeog 3s-alloy conduction-band minima are
A-like (i.e., located along the (100) directions), as in the
pure Si layers.” The highest hole subband level is locat-
ed in the SiGe layers. Both the tensile strain in the SiGe
layers and the quantum confinement remove the fourfold
degeneracy of the J=3 valence band at I leaving two
Kramers doublets: J.,==* 2 and * }. The combined
effects push the J,==+ 3 valence band above the
J. == % valence band in the SiGe layers (see inset in
Fig. 1) by 50 to 100 meV.>!°

The PL spectra obtained at 1.6 K with 633-nm radia-
tion incident on the front and back (i.e., substrate) sur-
faces are shown in Fig. 1. The strong, sharp peak at 1.14
um (1.09 eV) corresponds to near-band-edge emission
from the Si substrate and buffer layer. Two main bands
are observed above the base line at lower energies with
front-surface excitation only. One of the luminescence
bands is found with peak energy at about 1.43 um (0.87
eV), while a much broader band is observed about 1.5
um (0.8 €V). The energy of the 0.87-eV band is roughly
in agreement with the indirect-energy-gap value ob-
tained from photocurrent spectroscopy measurements?
on Si/Si;-.Ge, superlattices with similar parameters
and with estimates of the band gap for coherently
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FIG. 2. ODMR spectra obtained at 35 GHz with B along
the [001] axis for three excitation wavelengths. Peaks are la-
beled according to the assignments described in the text.

strained
(001)Si."°

ODMR spectra obtained at 35 GHz with the applied
magnetic field (B) along [001] for three values of excita-
tion wavelength (with similar power densities) are shown
in Fig. 2. These wavelengths penetrate to different
depths of the superlattice. A 1.3-um-long pass filter was
inserted in front of the Ge detector to block the 1.14-um
emission band from the Si substrate and buffer layer in
order to study the character of the PL bands at 0.87 and
0.8 eV described above. A variety of resonances were
observed. Five of the peaks (HCR1, HCR2, H, E, and
Si DB) are labeled according to the assignment of these
features discussed below. The identification of three ad-
ditional (unlabeled) resonances is still under investiga-
tion. In addition, the individual resonances obtained at
35 GHz were observed in the 24-GHz spectrometer with
the same corresponding g values or effective masses as
discussed below.

First, two positive resonances (HCR1 and HCR2)
were observed at magnetic fields below 1 T with increas-
ing intensity as the excitation wavelength was varied
from 476 to 633 nm. The resonance (HCR1) at ~0.24
T is clearly resolved, while the stronger and broader res-
onance (HCR2) at higher field underlies a sharper reso-
nance (H) to be discussed below. The increase of the
peak intensities with increasing penetration depth of the
light, the effective mass values determined from the peak
positions of the resonances (0.18m¢ and ~0.45m,, re-
spectively, where my is the electron mass in free space),
and the results of an angular rotation study associate
these features with the cyclotron resonance of light and
heavy holes in the Si substrate or buffer layer.!! Since
the ODMR with 633-nm excitation shows these bulk res-
onances, part of the emission that constitutes the 0.87-
and 0.8-eV PL bands in Fig. 1 originates from a thick Si
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region.

Second, a luminescence-quenching resonance labeled
Si DB was observed competing with the luminescence-
enhancing resonance labeled E. The quenching reso-
nance is much stronger at 24 GHz for reasons not known
at the present time. This feature has g =2.006 % 0.001
and, thus, is ascribed to Si dangling bonds by comparison
with a resonance found in amorphous Si with g =2.0055
+0.0005.'2 The g value associated with dangling bonds
in a-Si;-,Ge, was found previously to be 2.0125
+0.0005 (Ref. 13) for samples with the same Ge mole
fraction as in the alloy layers of the present sample.

Third, a positive resonance (peak labeled H) was ob-
served with a highly anisotropic g tensor with [001] axial
symmetry. The g values (solid circles) of this resonance
with the field rotated in the (110) plane are shown in
Fig. 3. The g value was a maximum (~4.5) with the
field along [001] and rapidly approached small values
(i.e., g <0.5) with the field oriented nearly perpendicu-
lar to [001]. For an atomic state with L=1, S= 1, and
J=13, the Lande g factor (g£) is $.'* For such a state
in axial symmetry, the experimental g values for the
J.==* % doublet are gy=3g"=4 and g, =0.' These
are close to the values measured in the Si/SiGe superlat-
tice. The g values for the Kramers doublet with
J.== % are gy=g’ and g, =2g" (Ref. 14). Thus, the
anisotropic resonance (H) is assigned to holes associated
with the J, = + 3 valence band in the SiGe layers from
the axial symmetry of the g tensor about the [001] axis
and the g values obtained with the magnetic field along
[001] and nearly perpendicular to [001]. As noted ear-
lier, the combined effects of tensile strain and quantum
confinement along the [001] superlattice axis are predict-
ed>!® to push the J,==* 3 valence band above the
J,=* % valence band in the SiGe alloy layers of the
present sample. The predicted ordering of the valence-
band states in the SiGe layers is explicitly confirmed.
The observation of the hole resonance demonstrates that
part of the emission does indeed originate from the su-
perlattice region.

The resonance results can be related to Luttinger pa-
rameters for the hole states. The spin Hamiltonian that
describes the Zeeman splitting of holes in the SiGe lay-
ers includes terms both linear and cubic (since J =12 ) in
the total angular momentum J (Ref. 16),

Hy=—2uX(kJyi+qJi)B;, i=xy,z, 1)

where « and g are the Luttinger parameters and z is
both the confinement and tensile strain axis. The mag-
netic properties of the heavy (J, .= 3) and light
(Jp.: == ) hole bands can be treated separately since
the difference in the ground-state subband energies
(~50-100 meV) derived from these bands (including
strain effects) are much larger than the Zeeman energies
(~0.1 meV) in this magnetic-resonance experiment. In
addition, only the J, .= % 3 states will be occupied at
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FIG. 3. g value of ODMR feature H as a function of the an-
gle (9) between B and the [001] axis obtained at 24 GHz
(6<65°) and 35 GHz (6> 65°). The curves are fits to the
data [see Eq. (3)] with gi 1 =4.46 and gi . =0 (solid curve),
0.1 (dashed curve), 0.25 (dotted curve), and 0.5 (dot-dashed
curve).

1.6 K. In this case, and because of the reduction in sym-
metry from cubic to tetragonal, the Zeeman interaction
associated with the J, ,==* 3 states can be described
by a formalism in which the effective spin S'= 3 and the
effective spin Hamiltonian can be written as

Hj=ppghS; +upgh o (SxB+S,B,), ¢}

where g; and gy, are the g values with the magnetic
field applied parallel and perpendicular to the [001] axis,
respectively. In Eq. (2), gx. is related to both x and g,
while gj. . is related solely to g.'® Fits have been made
(curves in Fig. 3) to the g tensor of the hole resonance
for selected values of g, with the usual expression for
the g values in the case of axial symmetry

gr =[(gs 1) cos20+ (g; . )?sin?6] /2 3)

where 6 refers to the angle between B and the [001]
symmetry axis. Reasonable fits can be obtained with gj
=4.46+0.05 and g; , <0.4. These g values imply
K+ $9=0.74£0.01 and ¢ <0.13.

Finally, an additional positive resonance (peak labeled
E) was observed with g =1.998 +0.001. This value is
consistent with measured g values for conduction elec-
trons and shallow donors in bulk Si.!” This feature is as-
signed to the spin resonance of electrons located in Si or
possibly in the SiGe layers from the g value. The g
values of electrons in SiGe alloys are not known at the
present time. In addition, the intensity of the feature did
not vary significantly with increasing excitation penetra-
tion depth, in contrast to the behavior observed for the
cyclotron resonance lines. This suggests that the reso-
nance originates from the superlattice region of the sami-
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ple rather than the Si substrate or buffer layers. The line
shape at both 24 and 35 GHz appears to be Lorentzian
with a relatively sharp central region and broad wings on
the sides of the peak. This is suggestive of donor-
acceptor recombination with a distribution of donor-
acceptor pair separations. However, there was no evi-
dence of hyperfine interactions (i.e., observation of two
or more lines) with narrow field scans in the g=2 region
as would be anticipated for the magnetic resonance of
shallow donors (e.g., P, As, Sb) in Si.

As noted earlier in the discussion of the PL spectra, it
is reasonable to ascribe the 0.87-eV band to near-band-
edge emission from the Si/Si; - ,Ge, superlattice. Thus,
this band could be responsible for the hole (H) and elec-
tron (E) resonances both observed as luminescence-
enhancing signals in these ODMR studies. A type-II
near-band-edge recombination can be suggested since
the anisotropic resonance (H) arises from holes confined
in the SiGe layers and the feature labeled E has a g
value that is consistent with an association to either elec-
trons or shallow donors located in the Si layers. Howev-
er, a type-I recombination mechanism cannot be ruled
out. Finally, the near-band-edge PL may involve essen-
tially unconfined electrons with a large wave-function ex-
tent since the conduction-band offset is predicted to be
small.

In summary, ODMR of photoluminescence from a
Si/Si; —xGe, superlattice grown on (001)Si has been
performed for the first time. The work demonstrates the
potential of ODMR to provide detailed information on
the nature of the optical properties, electronic band
structure, and the presence of native defects in this sys-
tem. This study clearly confirms that the highest hole
subband in the strained SiGe layers is derived from the
J.==* 3 valence band. In addition, the results demon-
strate that part of the emission originates from the su-
perlattice region in these structures. Further studies of
the recombination processes in this system are in prog-
ress.
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