PHYSICAL REVIEW B 79, 233307 (2009)

Photoluminescence dynamics and Auger fountain in three-dimensional Si/SiGe multilayer
nanostructures
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In three-dimensional cluster morphology multilayer Si/SiGe nanostructures, we find an anticorrelation be-
tween photoluminescence (PL) originating from SiGe clusters and the PL associated with electron-hole drop-
lets (EHDs) localized within nanometer-thick Si separating layers. We show that Auger processes eject holes
from SiGe clusters and facilitate the exciton/EHD phase transition in the Si layers. An unusual N-shaped SiGe
cluster PL decay curve is attributed to the reverse EHD/electron-hole gas phase transition and carrier redistri-

bution between Si spacer layers and SiGe clusters.
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The practical application of photoluminescence (PL) in
three-dimensional (3D) cluster morphology multilayer Si/
SiGe nanostructures with an emission wavelength in the
range of 1.3—-1.6 wm and exhibiting a quantum efficiency of
up to 1% at low excitation intensity is severely limited by the
PL intensity saturation under increasing excitation.' An ex-
planation of this phenomenon involving enhanced nonradia-
tive Auger processes in Si/SiGe nanostructures has been
proposed.*~® It has also been suggested that the suspected
type II energy band alignment at the Si/SiGe heterointerface’
is responsible for the recently reported very long (up to
1072 s) carrier radiative lifetime.> The combination of the
enhanced Auger processes, very low density of structural
defects,? and extremely slow radiative recombination® could
make a 3D Si/SiGe nanostructure an ideal “Auger fountain”
emitter, a system where Auger recombination ejects carriers
from the energy wells into the energy barriers.® In contrast to
the traditional view of Auger recombination as a strictly non-
radiative process, the Auger fountain is found to be respon-
sible for efficient carrier transfer and luminescence upcon-
version, which has so far been observed only in III-V
heterostructures and nanostructures.®” It has also been pre-
dicted that this process is enhanced by a relaxation of the
momentum conservation selection rules and suggested that
low or even threshold-less Auger recombination channels
can be established.!®!! In this Brief Report, we demonstrate
this effect in Si/SiGe 3D nanostructures where Si energy
barriers and SiGe cluster energy wells in the valence band
form a coupled electronic system. In this system, carrier re-
combination in the Si spacer layers is directly mediated by
Auger processes in the SiGe nanoclusters. In contrast to
III-V semiconductors with their intrinsically short carrier ra-
diative lifetimes, the much longer lifetime in Si leads to a
nonlinear process involving exciton condensation in the Si
barriers and an Auger-mediated exciton/electron-hole droplet
(EHD) phase transition, which controls the interplay between
Si and SiGe PL bands.

The samples were grown by molecular beam epitaxy in a
VG Semicon V80 system. The structures, grown on (001) Si
at temperature 75=650 °C, consist of 10-period Si/Si;_,Ge,
multiple layers with x=0.55 close to the center of each SiGe
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PACS number(s): 78.55.Qr, 71.35.Ee, 78.47.Cd, 78.67.Bf

cluster. Transmission electron microscopy (TEM) studies
have shown that the Si/Si;_,Ge, multilayers exhibit an is-
landlike morphology (i.e., 3D growth) embedded into a Si
matrix (Fig. 1, inset; see also Ref. 12 for more details). The
Si;_,Ge, island height and Si separating layer thickness were
kept constant throughout the entire multilayer structure. The
PL measurements were performed using a closed-cycle
vacuum cryostat in the temperature range of 15-300 K. For
continuous wave (CW) PL measurements, we used an argon
ion laser (476.5 nm) with the excitation intensity varied from
0.1 to 10 W/cm?. The PL signal was dispersed using a
single grating Acton Research 0.5 m monochromator and
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FIG. 1. The PL spectra in 3D Si/SiGe nanostructures measured
under CW excitation with intensities of (1) ~1 W/cm? and (2)
~100 W/cm?; and under pulsed excitation with 6 ns pulse duration
and energy densities of (3) ~107 J/cm?, (4) ~1073 J/cm?, and
(5) ~1072 J/cm?, The PL spectra are shifted vertically for clarity
and PL peaks associated with SiGe clusters, Si free excitons, and Si
EHDs are indicated. The inset shows a dark-field cross-sectional
TEM micrograph with SiGe clusters as lighter areas separated by
~10-15 nm-thick Si layers.
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FIG. 2. (Color online) Low-temperature PL dynamics in a con-
trolled (p=10* Q cm) bulk c-Si sample under 0.1 mJ/cm? energy
density excitation recorded at photon energies associated with the Si
free exciton (~1.096 eV) and Si EHD (~1.079 eV) PL bands.

detected by a cooled Hamamatsu photomultiplier in the spec-
tral range of 0.9—1.6 um (0.77-1.38 eV). For PL measure-
ments under pulsed laser excitation, the second harmonic of
a Nd:YAG laser with a wavelength of 532 nm, a 6 ns pulse
duration, and a known pulse energy density was used. The
time-resolved PL signal was stored in a LeCroy digital stor-
age oscilloscope. The overall time resolution of the entire
system was ~2 ns.

Figure 1 shows PL spectra measured under different lev-
els of photoexcitations. Using relatively low (=1 W/cm?)
CW excitation, we observe a broad PL feature in the range of
0.75-0.9 eV associated with SiGe clusters and a much
weaker PL peak associated with Si exciton recombination at
1.096 eV2. On increasing the excitation intensity we find, in
agreement with Refs. 2—4, a rapid saturation of the SiGe
cluster PL. Under pulsed excitation with the duration of
~6 ns and energy density of ~0.1 mJ/cm?, which corre-
sponds to nearly ~1,000 times higher peak intensity, SiGe
cluster PL becomes negligible compared to Si PL. At the
same time, a broader PL peak at 1.079 eV appears. With the
excitation intensity approaching 10 mJ/cm?, this broad PL
peak shifts to a slightly higher photon energy (~1.085 eV),
and it quickly becomes the dominant PL feature (Fig. 1). We
find that the intensity of this PL band as a function of exci-
tation intensity follows the dependence Ipy ~I.., with n
~1.2-2, and it anticorrelates with SiGe cluster PL where n
correspondingly varies from 0.8 to 0.5. This faster growing,
broader PL band is associated with the recombination of Si
electron-hole condensates or EHDs.!3-13

Figure 2 shows low-temperature PL. dynamics in a con-
trolled high resistivity (=10* Q cm) bulk c¢-Si sample and
focuses on Si exciton recombination at 1.096 eV and Si EHD
recombination at 1.079 eV. We find a dramatic difference in
the PL decay lifetimes, changing from ~3 us in Si exciton
PL to ~70 ns in Si EHD PL. Under the applied excitation
intensity, both PL decays are nearly single exponential. The
PL rise time in ¢-Si EHDs is faster than our time resolution,
while in ¢-Si exciton PL the rise time is ~20 ns.
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FIG. 3. (Color online) The PL dynamics under pulsed laser en-
ergy densities of (a) 0.1 and (b) 10 mJ/cm? recorded at photon
energies associated with SiGe cluster PL (~0.82 eV) and Si EHD
PL (~1.08 eV).

Figure 3 depicts low-temperature PL. dynamics in 3D Si/
SiGe nanostructures, focusing on SiGe cluster PL (measured
at a photon energy of 0.82 eV) and Si EHD PL with a peak
at ~1.08 eV. The PL associated with SiGe clusters rises
practically instantaneously, while the PL associated with Si
EHDs, in contrast to that in bulk ¢-Si (Fig. 2), has a slower
rise time of ~20—40 ns. Under an excitation energy density
of 0.1 mJ/cm?, the SiGe cluster PL decay is nonexponential,
with a fast initial characteristic lifetime of ~20 ns followed
by a much slower (7=10"* s) decaying PL. At the same
time, the Si EHD PL has a nearly single exponential decay
with a lifetime 7z~ 50 ns [Fig. 3(a)]. Using a 100 times
higher excitation intensity, we find an acceleration of the fast
component of SiGe cluster PL decay surprisingly followed
by a nonmonotonic, at first rising and then falling (i.e.,
N-shape) PL signal [Fig. 3(b)]. Under the same excitation
conditions, the Si EHD PL exhibits a nearly exponential de-
cay with a lifetime of ~200 ns followed by a very fast
(faster than 20 ns) decay [Fig. 3(b)]. The Si exciton PL dy-
namics in Si/SiGe 3D nanostructures, similar to that in bulk
c-Si, is much slower, with a microsecond characteristic life-
time (not shown).

Assuming the previously suggested quasi-type-II energy
band alignment at Si/SiGe heterointerfaces (see Ref. 7), we
propose that a 3D Si/SiGe nanostructure can be represented
by a coupled electronic system, where Auger recombination
in SiGe clusters is not only responsible for fast saturation of
the SiGe cluster PL intensity but also injects “Auger holes”
into the Si nanometer-thick layers. This process facilitates
the formation of Si EHDs. Thus, compared to bulk c-Si,
where at an excitation energy density of =0.1 mJ/cm?
EHDs are formed practically instantly from hot electron-hole
plasma condensation,'* in Si/SiGe 3D nanostructures Si
EHD formation is mediated by the Auger processes with a
characteristic time of ~107% s.

At first glance, the proposed luminescence mechanism is
qualitatively similar to the previously reported “Auger foun-
tain” in III-V heterostructures with type II energy band
alignment.g*9 However, in 3D Si/SiGe nanostructures, Auger-
excited holes and photogenerated electrons recombine within
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the nanometer-thick Si layers, and Si is known to be the
classic example of an indirect band gap semiconductor with
slow carrier radiative recombination (%ﬁd‘auve’v 1073 s) and a
low PL quantum efficiency.'>!® Why, then, can we observe
the Si EHD luminescence with a superlinear excitation inten-
sity dependence and a nanosecond lifetime?

Our explanation is based on the qualitative difference be-
tween recombination conditions in the nanometer-thick Si
layer under low and high levels of photoexcitation. In pure
Si, at low excitation intensity and low temperature, an
electron-hole pair forms an exciton, and its radiative lifetime
is long due to the low probability of a three particle
(electron-hole-phonon) process.!” At high photogenerated
carrier density, the recombination conditions change drasti-
cally, mainly due to the formation of EHDs. Compared to
free exciton PL, the EHD PL peak photon energy is reduced
due to strong carrier-carrier interactions.'® More importantly,
the electron-phonon interaction increases the local lattice
temperature and produces additional nonequilibrium
phonons with energy-momentum dispersion quite different
compared to that at thermal equilibrium.'8-2! The probability
of phonon-assisted transitions in a system with a signifi-
cantly disturbed (or “whitened”) phonon spectrum increases,
and carrier lifetime drops down to ~1077 s (Figs. 2 and 3).
Thus, in a low defect density environment (i.e., low concen-
tration of nonradiative recombination centers), Si EHD ra-
diative recombination may become the dominant recombina-
tion channel. It is important in this respect that in Si
nanostructures (e.g., ultrathin silicon-on-insulator, Si/SiGe
quantum wells, etc.) the threshold for EHD formation is
much lower compared to that in bulk Si because of the
system-reduced dimensionality and suppressed carrier
diffusion.?>?? Also, in bulk Si, the EHD typical size is in the
range of ~10™* cm, and its evolution is governed by many
phenomena including EHD surface tension, boundaries be-
tween the EHD and the exciton gas, EHD deformation, dif-
fusion, evaporation, etc, (see Ref. 24). For example, under
increasing excitation intensity, the size of the Si EHD in-
creases, and the Si EHD PL lifetime increases as well, simi-
lar to that shown in Fig. 3. However, many of these pro-
cesses could be quite different in ~10-nm-thick Si layers and
will be discussed elsewhere.

The proposed recombination mechanism is summarized in
Fig. 4. At low excitation intensity [Fig. 4(a)], the Si electron-
hole density is too low for EHD condensation and Si carrier
recombination is slow. Under these conditions, photogener-
ated holes created in Si would rather fall into SiGe clusters.
Thus, assuming a defect-free Si/SiGe heterointerface, slow
radiative recombination between spatially separated elec-
trons and holes at the Si/SiGe heterointerface is the only
possible channel of radiative recombination. This conclusion
is supported by the spectra given in Fig. 1, which show a
dominant SiGe PL band only at low excitation intensity.

At a high level of photoexcitation [Fig. 4(b)], SiGe Auger
recombination overcomes the slow recombination of spa-
tially separated electrons and holes at the Si/SiGe heteroint-
erface (i.e., an indirect exciton). This process generates “Au-
ger holes” with energies in the range of 0.7-0.8 eV, while the
valence energy barrier at the Si/SiGe heterointerface is
<0.3-0.4 eV, and thus the fast Auger hole injection from
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FIG. 4. (Color online) Schematic representation of recombina-
tion processes in a Si/SiGe 3D nanostructure. (a) At low excitation
intensity, because of the long carrier radiative lifetime in Si energy
barriers, a hole falls into a SiGe energy well and recombines with
an electron localized in Si. (b) At high excitation intensity, the “Au-
ger fountain” ejects holes from SiGe clusters into Si layers and
facilitates the formation of Si EHDs. The fast Si EHD recombina-
tion becomes the dominant recombination mechanism.

SiGe clusters into Si barriers can be very efficient.!%!" The
Auger-mediated hole transfer from SiGe clusters into Si bar-
riers not only suppresses the SiGe cluster PL but also con-
tributes to carrier accumulation in the nanometer-thick Si
separating layers resulting in EHD condensation. According
to our measurements, the Si EHD lifetime is less than
1077 s, and at high excitation intensity this is the dominant
recombination channel.

The EHD condensation from the electron-hole gas is a
first-order phase transition, and it depends on the excess car-
rier concentration and temperature.'>!* According to our data
[Fig. 3(b)], it takes ~107% s after the short (6 X 107 s) laser
pulse for the carrier concentration to drop below the EHD
condensation threshold and for the reverse EHD/electron-
hole gas phase transition to take place. This reverse phase
transition creates recombination conditions very similar to
that at low excitation intensity. Thus, instead of waiting a
long time to recombine with an electron, a hole located in the
Si barrier would be quickly recaptured by the SiGe cluster,
where it will eventually recombine with an electron in Si
[Fig. 4(a)]. This hole capture by SiGe energy wells explains
the observed rise (after ~107% s) in the SiGe PL intensity
[Fig. 3(b)]. The longer time (>107° s) part of the SiGe PL
decay is governed by the continuously decreasing SiGe clus-
ter carrier concentration.

In conclusion, we have shown that in 3D Si/SiGe nano-
structures Auger recombination is not only responsible for
the quick saturation of the SiGe cluster PL intensity as a
function of excitation intensity but it also effectively injects
holes into the Si barriers. This hole Auger fountain, presum-
ably enhanced by the relaxation of the momentum conserva-
tion selection rules at the Si/SiGe heterointerface, facilitates
the efficient formation of EHDs and an exciton/EHD phase
transition in the nanometer-thick Si layers. We have also
shown that at excitation energy densities of
107°-10"2 J/cm?, Si EHD recombination becomes the
dominant channel of radiative recombination. The same
mechanism explains the experimentally observed anomalies
in the PL dynamics and indicates that the reverse EHD/
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exciton phase transition is responsible for the nonmonotonic,
N-shaped SiGe cluster PL decay. This phase transition in
nanometer-thick Si layers could lead to novel low-threshold
nonlinear optical phenomena in 3D Si/SiGe nanostructures.
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