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Enhanced band-gap luminescence in strain-symmetrized (Si) j(Ge)„superlattices
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We report on band-gap luminescence in strain-symmetrized, (Si) /(Ge)„superlattices grown on a
step-graded, alloy buffer with a reduced dislocation density, using Sb as a surfactant. The luminescence
efficiency for a (Si)9/(Ge)6 and (Si)6/(Ge)& superlattice is strongly enhanced compared with a correspond-
ing Slo 6Geo 4 alloy reference sample. The luminescence signals can be attributed to interband transitions
of excitons localized at potential fluctuations in the superlattice. The observed systematic shift of the
band-gap luminescence to lower energies with increasing period length compares well with results of a
simple, effective-mass calculation. An increasing superlattice band gap and a reduction in luminescence
intensity is observed if the Si and Ge layers are interdiffused by thermal annealing. The band gap for a
(Si)6/(Ge)4 superlattice was also measured with absorption spectroscopy. The absorption coefficient, as
determined by direct transmission, is in the order of 10 cm ' about 0.1 eV above the band gap.

(Si) /(Ge)„strained-layer superlattices (SLS's) have
attracted considerable attention because of their capacity
to function as efticient Si-based, light-emitting semicon-
ductors in the near-infrared region. An enhanced
luminescence efficiency for (Si) /(Ge)„SLS's, compared
with the indirect semiconductors Si and Ge, was predict-
ed already 18 years ago. ' Due to the progress in the op-
timization of Si molecular-beam epitaxy (MBE), SLS s
with atomically sharp interfaces could be realized on
different substrates. The first observations of inter-
band transitions in a (Si )4/(Ge )~ SLS quantum well
stimulated a large number of band-structure calcula-
tions. ' As shown by the majority of these theoretical
investigations, SLS's with a "quasidirect, " fundamental
band gap are expected only if the Si layers are under a
tensile lateral strain. This requires the growth of
(Si) /(Ge)„SLS's on relaxed, Sii „Ge alloy, buffer lay-
ers. Photoluminescence (PL) studies by Zachai et al. on
SLS's grown on partly relaxed buffer layers showed
indeed strong luminescence in the infrared region. Their
results, however, proved to be controversial, as witnessed
by the discussions they provoked because of the fact that
a high dislocation density of about 10' cm was present
in the samples. Only very recently could the band gap of
strain-symmetr ized (Si )„/(Ge )„SLS's ( n =4,5,6) be mea-
sured using PL, electroluminescence, and absorption
spectroscopy. ' '" The major goal for the achievement of
greater efficiency of light emission by the (Si) /(Ge)„
SLS is the reduction of the dislocation density imposed
by the relaxed alloy, buffer layer. A reduction of the
dislocation density by several orders of magnitude was re-
cently demonstrated by growing completely relaxed al-
loys with a linear' or step-graded' ' Ge concentration
profile on Si(100). The PL efficiency of Sii Ge alloys
was also improved considerably at growth temperatures
above 500 C. ' In addition it has been shown that

(Si) /(Ge)„SLS's with sharp interfaces can be produced
at these high temperatures using surfactant tech-
niques. ' ' ' Based on these developments we are able
to achieve an enormous improvement in the quality of
strain-symmetrized (Si) /(Ge)„SLS's. Here we report
on strongly enhanced band-gap PL in (Si)6/(Ge)4 and
(Si)9/(Ge)6 SLS's grown on step-graded Si, „Ge alloy
buffers. The results clearly support the earlier results us-
ing samples of lower quality ' '" and are in contradic-
tion to the theoretical work of Ref. 9.

The (Si)9(Ge)6, (Si)6/(Ge)4, (Si)3/(Ge)2 SLS's and the
Sip 6Gep 4 alloy buffer reference sample were grown in a
home-made Si-MBE chamber. ' The buffer layer consists
of a step-graded alloy buffer with a thickness of 6500 A,
followed by a 5000-A-thick Sip 6Gep 4 alloy. In the step-
graded region of the buffer the Ge content was increased
stepwise by 3%/500 A, while the temperature was con-
tinuously lowered from 600 C down to 520'C. The resid-
ual lateral strain in the topmost Sip6Gep4 alloy was
determined by x-ray diffraction (XRD) to be —0.03%.
The SLS's with an entire thickness of 2000 A
[(Si )3/(Ge )2], 1500 A [(Si)6/(Ge )4], and 3000 A
[(Si)9/(Ge)6] were deposited on top of the alloy buffer at
T =500 C. Prior to the growth of the SLS's, a mono-
layer (ML) of Sb was deposited to act as a surfactant.
The (Si)6/(Ge)4 SLS was characterized in detail with
XRD, transmission electron microscopy (TEM), ' and
Raman scattering. The dislocation density, measured
with cross-sectional TEM, was found to be reduced by
two orders of magnitude compared with previously stud-
ied (Si) /(Ge)„SLS's (Refs. 8, 10, and 11) grown on
partly relaxed alloy buffer layers. The period length is
15.5+0.5 A. The average Ge concentration, as deter-
mined by energy-dispersive XRD, is 45%%uo. The lateral
lattice constant is 5.499 A, which results in an average la-
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FIG. 1. PL spectra for (Si)9/(Ge)6, (Si)6/(Cxe)4 (Si)3/(Ge)2
SLS's, and a Si0 6 Ge0 4 alloy.
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terai strain in the SLS of —0.3%. The deviations for all
samples from their nominal structural data are less than
10%.

The PL was excited by the 457-nm line of an Ar+
laser. The excitation power density varied between
—0.05 and 50 mW/mm . The samples were mounted in
a variable temperature, He cryostat. PL signals were an-
alyzed with a 64-cm grating monochromator and detect-
ed by either a Ge or an InAs detector, in both cases
cooled by liquid nitrogen. The absorption was measured
by means of parallel photoconductivity (PC). The direct
transmission (DT) was measured using an external,
liquid-nitrogen-cooled InSb photodetector. The DT and
PC measurements were performed at T=10 K on a
Bomem DA3.02, Fourier transform, infrared spectrome-
ter. Annealing was performed in a quartz furnace under
vacuum conditions (p ( 10 mbar).

The PL spectra for all samples are shown in Fig. 1.
The random-alloy sample shows two peaks at 0.985 and
0.929 eV which can be attributed to a no-phonon (NP)
transition and an associated phonon replica involving a
transverse-optical Si-Si mode (TO ' '), respectively. '

These transitions originate in the 5000-A-thick Si0 6Ge0 4
alloy. The calculated band-gap energy of 0.988 eV, tak-
ing into account the residual, built-in strain, compares
well with the energy position of the NP line. For the
(Si)3/(Ge)2 SLS the PL signals detected at 0.984 and
0.928 eV can also be attributed to a NP transition and a
TO ' ' replica. The PL intensity is enhanced by a factor
of 5 compared with the alloy. The longer-period SLS's
show much stronger PL signals at 0.877, 0.825, 0.778,
and 0.726 eV, respectively. As shown below, these PL
signals can be attributed to a NP transition of localized
excitons (LE ) and an associated phonon replica (LE ).
Taking into account the fact that the thickness of the
SLS region is much smaller than the thickness of the
Si06Ge04 aHoy layer, the intensity of the LE line is
enhanced by about a factor of 150 [(Si)6/(Ge)~] and 90

[(Si)9/(Ge)6]. The enhanced PL intensity for (Si)6/(Ge)4
compared with (Si)9/(Ge)6 is in qualitative agreement
with calculations of the oscillator strength for these
SLS's. The energy positions of the NP lines as a func-
tion of the period length are shown in the inset of Fig. 1

and are compared with the results of an effective-mass
(EM) calculation ' for strain-symmetrized (Si) /(Ge)„
SLS's (m/n =—', ). The calculated band gaps are deter-
mined by the energy difference between the twofold-
degenerate b, (2) minima in the conduction band (CB) and
light-hole (lh) [heavy-hole (hh)] states in the valence band
(VB). In this calculation, the Si concentration (xs;) in the
Si layers of the SLS's is assumed to be reduced with de-
creasing Si layer thickness (ds;) due to the intermixing of
the Si and Ge layers during growth at T=500 C. xs; is
assumed to depend on ds; as

xs; =1—0.4/[1+exp(ds; —4.0 A)/1. 0 A] . (1)
The effective masses, deformation potentials (DP), and
band offsets used in this calculation are those given in
Ref. 8. For the alloy, values that were linearly interpolat-
ed between those of Si and Ge were used. The energy po-
sitions of the NP lines for the alloy and the (Si)3/(Ge)z
SLS are almost identical, which indicates that the
(Si)3/(Ge)z SLS is more like an alloy due to the intermix-
ing. The systematic shift of the NP lines for (Si)6/(Ge)&
and (Si)9/(Ge)6 to lower energies with increasing period
length is well described by the calculation. Deviations
for the SLS's from the nominal structural data result in
slightly different calculated band-gap energies. These de-
viations, however, are of the same order of magnitude as
the theoretical errors arising from the uncertainties in de-
formation potentials given in the literature.

In order to identify the nature of the LE and LE
lines, the (Si)6/(Ge)4 SLS was subsequently annealed at
temperatures of 600, 650, and 780'C for 1 h. After the
first annealing step at 600'C [Fig. 2(b)], both the LE
and LE line are shifted to higher energies compared to
the as-grown sample [Fig. 2(a)] while the intensities are
reduced. Broad PL bands appear in the spectrum below
the energy position of the LE line, which may be attri-
buted to defect-related transitions. Subsequent annealing
of the sample at 650'C results in a further upward shift
of the energy position of the LE line [Fig. 2(c)]. After
a final annealing step at 780 'C intense defect lines
(D i, D2) appear in the spectrum [Fig. 2(d)] which are due
to dislocations generated by the relief of the residual
strain of about —0.3%%uo.

' A further broad peak appears
at 0.977 eV (I.) which looks similar to PL signals ob-
served by Noel et al. in Si/SiGe quantum-well structures
after thermal annealing. The weak PL line observed at
1.008 eV (NP""") is due to a NP transition in the
Si0»Ge0 45 alloy' as the SLS, with an average Ge con-
centration of 45%, is finally completely interdiffused.
The band gap of the SLS as a function of annealing can
be modeled using the EM calculation in conjunction with
an interdiffusion model of Schorer et al. The calculat-
ed transition energies between the h(4) and b, (2) minima
in the CB and the lh and hh states in the VB for a strain-
symmetrized SLS with a period length of 15.5 A and an
average Ge concentration of 45%%uo are shown in the inset
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FIG. 4. PL and absorption spectra for a (Si)6/(Ge)4 SLS and
a Sip 6Geo 4 alloy sample.

well with both the energy position of the NP line and the
calculated band-gap energy. For the SLS the onset is
shifted about 100 meV to lower energies close to the ener-

gy position of the LE line. This gives clear evidence
that both the onset of absorption and the LE line are
due to transitions across the reduced SLS band gap. A
weak additional kink in the absorption spectrum above
1.0 eV originates from transitions across the band gap of
the underlying Si0 6Ge0 4 alloy buffer layer.

Also the total absorbance was determined in DT using

a differential method. In this experiment, the transmit-
tance of the (Si)6/(Ge)4 SLS sample was measured under
identical conditions as regards temperature, intensity,
and angle of incidence of the IR light as the transmit-
tance of the alloy reference sample. The absorption
coefficient in the energy region of about 0.1 eV above the
band gap is about 1X10 cm '. It should be noted that
this measured absorption coefficient is enhanced roughly
by a factor of 100 compared with a corresponding
Si& Ge„alloy, which is in agreement with the
enhanced oscillator strength observed with PL.

In conclusion, we have observed enhanced band-gap
PL in high-quality strain-symmetrized (Si) !(Ge)„SLSs
grown on step-graded, alloy buffer layers with a drastical-
ly reduced dislocation density. The SLS band gap, which
was also measured by absorption spectroscopy, is reduced
compared to a corresponding alloy and can be easily
modeled with an effective-mass calculation. The SLS PL
can be assigned to localized excitons bound to random
potential Auctuations probably caused by slight varia-
tions in the strain distribution and layer thicknesses. The
SLS PL efficiency is strongly enhanced compared to the
excitonic luminescence observed for the corresponding
alloy. The enhanced transition probability is also
reAected in an increased absorption coefficient of about
10' cm
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