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Optical gain and stimulated emission processes in Si nanostructures are controlled by the dynamics of
high-density carriers. Here, we report photoluminescence �PL� dynamics and multiexciton recombination in
Si1−xGex /Si superlattices �SLs� under high-density excitation. Saturation of the PL intensity and rapid PL decay
are observed as the excitation laser intensity is increased. These phenomena occur due to nonradiative Auger
recombination of the electron-hole pairs. We find that the Auger process in Si1−xGex /Si SLs is less pronounced
than that in the Si1−xGex /Si single quantum wells. Our results show that coupled nanostructures have an
advantage in efficient light emission and the control of many-body carrier dynamics.

DOI: 10.1103/PhysRevB.79.041301 PACS number�s�: 78.47.Cd, 78.67.�n

Since the first observation of efficient visible photolumi-
nescence �PL� in porous silicon,1 there have been numerous
reports of attempts to increase light-emission efficiency, op-
tical gain, and stimulated light emission in various types of
Si nanostructures.2–10 Quantum confinement of Si nanostruc-
tures increases the radiative recombination rate and hence
the PL efficiency, while spatial confinement decreases the
nonradiative recombination rate.4 Recently, spatially and
quantum-confined Si /SiO2 quantum well nanostructures
have been used to study high-density electron-hole plasmas
�EHPs� and droplets.11–13 The dynamics of high-density car-
riers in Si-based nanostructures plays an essential role in
light emission, optical gain processes, free-carrier absorp-
tion, and nonlinear optical responses in Si nanostructures and
Si-based lasers.2,9 The nonradiative Auger recombination of
photocarriers controls the PL intensity and the electron-hole
density under high-density excitation, in bulk Si crystals and
Si-based nanostructures as well as in various kinds of semi-
conductor nanostructures such as nanocrystals, quantum
rods, and carbon nanotubes.14–16 The Auger recombination
process in controlled Si nanostructures is crucial to our un-
derstanding of the physics of highly dense carriers in other
semiconductor nanostructures as well as in Si-based lasers.

The Si1−xGex /Si heterostructures and quantum well struc-
tures are compatible with standard Si processing
technology.2,17,18 The PL from EHPs in Si1−xGex /Si quantum
wells has been observed under high-density excitation using
time-integrated PL measurements.19 However, the dynamic
properties of PL under high-density conditions at low tem-
peratures are not clear yet. The Si1−xGex /Si heterostructures
provide a unique opportunity to investigate high-density
electron-hole carriers in controlled spatially confined sys-
tems.

In this Rapid Communication, we report PL dynamics in
Si1−xGex /Si superlattices �SLs� and single-quantum wells
�SQWs� under high-density photoexcitation at low tempera-
tures. The PL spectra and PL decay measurements indicate
that nonradiative Auger recombination dominates the lumi-
nescence properties. The dependence of the PL spectra on
excitation intensity shows that the Auger recombination rate

is suppressed in Si1−xGex /Si SLs as compared to that in the
Si1−xGex /Si SQWs.

The samples are 99-period gas source molecular-beam ep-
itaxy �MBE�-grown strained Si1−xGex /Si type-II SL with x
=0.15.20 The well and barrier widths were Lz=3 nm and
Lb=3.6 nm, respectively. The well width, which is smaller
than the exciton Bohr radius �approximately 6 nm�,21 deter-
mines the PL peak energies. The small barrier width �Lb
=3.6 nm� allows the electron-hole pairs in the quantum
wells to couple.22 A Si0.82Ge0.18 /Si SQW with well width
Lz=2.7 nm was also used for comparison. The second har-
monics of a 150 fs Ti:sapphire laser �3.1 eV� and cw gallium
nitride laser �3.0 eV� were used as the excitation light
sources. Typical spot sizes of these pulse and cw excitation
light sources are 20 and 2 �m, respectively. The time-
integrated PL spectra were measured using a liquid nitrogen-
cooled InGaAs array detector. The PL lifetime was measured
using a gated-photon counting system with a photomultiplier.

Figure 1�a� shows the PL spectra in the Si0.85Ge0.15 /Si SL
at different temperatures. Three prominent PL peaks appear,
which are assigned to the transverse-optical �TO� and
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FIG. 1. �Color online� �a� PL spectra under cw excitation mea-
sured at 10, 20, 40, and 70 K. Temperature dependence of the �b�
peak energies, peak intensities, and �c� PL decay rate of the NP line.
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transverse-acoustic �TA� phonon-assisted transitions and the
no-phonon-assisted �NP� transition.23 The temperature de-
pendence of the peak energies and intensities of the NP lines
are summarized in Fig. 1�b�. The peak intensities increase
with decreasing temperature. The peak energy location is al-
most constant above 50 K and decreases below 40 K. These
peak shifts at low temperatures suggest that the excitons are
localized in the shallow band-tail states,17 which are caused
by spatial fluctuations of the potential energy due to varying
alloy compositions and interface roughness. The temperature
dependence of the PL decay of the NP line is well correlated
with its PL intensity dependence, as shown in Fig. 1�c�: the
PL decay rate increases as the PL intensity increases. The
enhancement of the PL decay rate and intensity can be ex-
plained by enhancement of the radiative recombination pro-
cess, not by thermal quenching of the PL intensity.

Figure 2�a� shows the time-integrated PL spectra obtained
by varying the excitation intensity. The spectra are normal-
ized according to the excitation intensities. The samples were
kept at 10 K during the measurements. Broadening to the
higher-energy side appears for all NP, TO, and TA lines. The
excitation intensity dependence of the PL peak intensity and
the peak energy of the NP line are shown in Fig. 2�b�. Under
low-density excitation ��0.1 J /cm2�, the PL intensity in-
creases with excitation intensity �broken line�. With increas-
ing excitation density, however, the PL intensity begins to
saturate while the PL peak energy is slightly blueshifted �Fig.
2�c��. These phenomena are explained by the state filling of
the localized exciton states, i.e., the saturation of localized
exciton states and the redistribution of excitons to delocal-
ized states.

Importantly, the observed PL intensity saturation under
high excitation densities also marks the onset of the carrier-
killing nonradiative recombination processes such as Auger
recombination. In bulk Si and related materials, the Auger
process is the dominant nonradiative recombination process

under high-density photoexcitation and/or in the presence of
heavily doped electrically active impurities.24 By taking into
account the nonradiative Auger recombination, the PL inten-
sity via radiative bimolecular recombination of carriers can
be shown to depend on the excitation intensities: IPL� Iexc

2/3 as
shown by the solid line in Fig. 2�b�. Moreover, an additional
carrier reduction process, e.g., free-carrier absorption, will
also lead to the further saturation of the PL intensity under
the extreme high-density excitation.9

To clarify the dynamic aspects of the high-density excita-
tion effects, the PL decay is measured as a function of the
excitation intensity. The inset of Fig. 3 shows a typical result
of NP line intensity decay dynamics measured at an excita-
tion intensity of 0.45 J /cm2. The decay rates are extracted
by fitting the data with a single exponential function, as
shown by the solid curve in the inset of Fig. 3. They are
shown as a function of the excitation intensity. As can be
seen, the PL decay rate increases with increasing excitation
intensity. However, the PL decay rate decreases with tem-
perature �Fig. 1�c��. This indicates that lattice heating by in-
tense excitation does not play a primary role in the PL decay
dynamics. It is likely that the rapid decay is due to the non-
radiative Auger decay processes that occur in high-density
electron-hole systems.

In the nonradiative Auger recombination, the decay rate
depends on the densities of electrons and holes. In the case of
unbounded electrons and holes, the decay rate is proportional
to the square of the electron-hole pair density, �−1�Cn2,
where C is the Auger coefficient. From the observed increase
in the decay rate in Fig. 3, the Auger coefficient can be
estimated. We evaluate the number of photogenerated carri-
ers in the SL structure immediately after femtosecond laser
excitation using the number of incident photons and the vol-
ume of the confinement potential �or the total width of the
quantum wells� in the SL. The excitation intensity of
1 J /cm2 corresponds to a carrier density of n=4
�1022 cm−3. As shown by the broken line in Fig. 3, the
Auger coefficient is extracted by fitting the power depen-
dence of the decay rates below 2 J /cm2, which corresponds
to C�9�10−40 cm6 s−1.
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FIG. 2. �Color online� �a� Time-integrated PL spectra under dif-
ferent excitation intensities. �b� The PL peak intensity at 1057 meV
and �c� peak energy as a function of the excitation intensity. The
broken line shows the linear power dependence. The solid line
shows the power dependence of the PL intensity in the case of
radiative bimolecular recombination as controlled by nonradiative
Auger recombination �IPL� Iexc

2/3�.
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FIG. 3. �Color online� Dependence of the PL decay rate on
excitation intensity in the Si0.85Ge0.15 /Si superlattice. Inset: PL de-
cay dynamics under 0.45 J /cm2 excitation.
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Under high-density excitation, however, the initial carrier
density is likely to be overestimated because the free-carrier
absorption and nonlinear optical processes reduce the photo-
generated carriers.9 By taking account of the photocarrier
reduction due to free-carrier absorption, we can roughly ex-
plain the departure of the experimental results from the fit-
ting result at excitation intensities above 4 J /cm2. As a mat-
ter of fact, such a reduction in carrier densities due to the
free-carrier absorption is consistent with the strongly saturat-
ing behaviors of PL peak intensity �IPL� Iexc

m , with m�2 /3�,
as visible in Fig. 2�b�. The value of C estimated above can
therefore be treated as a lower limit. It should be noted here
that the magnitude of the Auger coefficient in the SL struc-
ture is much smaller than that in the bulk Si, which is ap-
proximately C=1�10−31 cm6 s−1.25 In contrast, the Auger
coefficient in Si1−xGex quantum wells is theoretically pre-
dicted to be much larger than that in Si crystals, reflecting the
increase in transition probabilities in the former.26 The reason
for the small Auger coefficient in SL structures is discussed
below.

To clarify the nature of the Auger recombination process
in SL structures, we compare the dependence of the cw PL
spectra on excitation intensity in SL and SQW structures.
Under the same excitation and experimental conditions, the
PL intensities of NP, TA, and TO lines were measured in
both the SQW and SL. The samples were kept at 6 K during
the measurements. When the excitation is weak, the PL life-
times and peak intensities in both structures are similar. This
indicates that in the SL, the magnitude of the oscillator
strength is approximately equal to that in the SQW. As
shown in Fig. 4�a�, the PL intensity in the SL structure is
approximately proportional to the excitation intensity up to
106 W /cm2. In contrast, the PL intensities of the SQW satu-
rate even at a weak photoexcitation of 102 W /cm2 �Fig.

4�b��. The excitation power dependence of the PL intensities
follows the power law IPL� Iexc

2/3, as shown by the solid lines.
This nonlinear behavior indicates the presence of Auger re-
combination in the SQW structure, as discussed in Figs. 2
and 3, as opposed to the influence of amplified spontaneous
emission �ASE� in the in-plane directions that further growth
of the surface-emitting PL is hampered. ASE is insignificant
under the experimental conditions studied in this particular
set of indirect-gap samples. Based on the well periods of the
quantum wells in the SL sample �99 pairs�, the carrier sheet
density �or carrier density in the well� is estimated to be
102-fold smaller than that in the SQW samples, where all
wells in the SL sample are excited homogeneously. However,
such a difference in the carrier density is not sufficient to
explain the experimental results shown in Fig. 4. The differ-
ence between the two samples indicates that the Auger re-
combination in the SL structures is suppressed as opposed to
the SQW structure.

The low Auger recombination rate in the SL structures is
attributed to the delocalized states where the penetration of
the carrier wave function into the Si barrier region becomes
pronounced. The coupling between the carriers in the neigh-
boring quantum wells results in delocalized states that have
significant wave-function overlap into the silicon barrier
layer.22 The Auger rate in bulk Si is calculated to be smaller
than that in the Si1−xGex well layer.26 Therefore, the delocal-
ized carriers in the SL structure have a smaller Auger coef-
ficient than the Si1−xGex SQW. With an increase in the pen-
etration of the carrier wave function into the Si barriers, the
Auger in the Si1−xGex SL rate is reduced and should become
close to that in the bulk Si. The control of parameters in SLs,
such as the coupling strength between single-quantum wells,
allows us to control both the electronic structure and the
dynamical many-body effects. Although strong Auger loss
appears in nanostructures, such as the SQW, the Auger loss
rate is suppressed and the PL efficiency is enhanced in the
SL structure.

In conclusion, we studied photocarrier dynamics under
high-density excitation in the Si0.85Ge0.15 /Si superlattice us-
ing time-resolved PL measurements. We observed the nonra-
diative Auger processes in the delocalized states. The Auger
process in Si1−xGex /Si SLs was more diminished than that in
the Si1−xGex /Si SQW even though the magnitude of the os-
cillator strength in the SLs is similar to that in the SQW.
Given the different dependence of their PL intensity on ex-
citation intensity, coupled nanostructures have a unique ad-
vantage for controlling carrier-carrier interactions, such as
Auger recombination.

Part of this study at Kyoto University was supported by
the Kyoto University Global COE program and KAKENHI
�Grant No. 20104006� from MEXT, Japan. One of the au-
thors �T.T.� was supported by the Mazda Foundation and
Research Foundation for Opto-Science and Technology.
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FIG. 4. �Color online� Dependence of the peak intensities of cw
PL on excitation intensity for the NP �circle�, TA �square�, and TO
�triangle� lines in �a� Si0.85Ge0.15 /Si superlattice and �b�
Si0.82Ge0.18 /Si single-quantum well. The broken lines show the lin-
ear power dependence. The solid lines show the power dependence
of the Auger-recombination-limited PL intensity �IPL� Iexc

2/3�.
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