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Optical recombination from excited states in GeÕSi self-assembled quantum dots
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We have investigated the photoluminescence of single and multiple layers of Ge/Si self-assembled quantum
dots as a function of the excitation power density. We show that the photoluminescence of the quantum dots is
strongly dependent on the pump excitation power. The photoluminescence broadens and is blueshifted by as
much as 80 meV as the power excitation density increases. Meanwhile, the photoluminescence associated with
the two-dimensional wetting layers exhibits only a weak dependence on the pump excitation power. This
significant blueshift is interpreted in terms of state filling and recombination from the confined excited hole
states in the dots. The photoluminescence data are correlated to the density of states as calculated by solving
the three-dimensional Schro¨dinger equation in these islands with a lateral size of the order of 100 nm.
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I. INTRODUCTION

The recombination processes in SiGe/Si heterostruct
have been extensively studied in recent years. The radia
band-edge recombination of free and bound excitons ass
ated with shallow impurities have been evidenced in bulk
strained SiGe/Si quantum well samples.1 Localized excitons
bound to a strain field created by Ge platelets were obse
in samples grown by molecular beam epitaxy.2 At low exci-
tation density, excitons localized by regions with higher
content than the average alloy content were observed
SiGe/Si quantum wells.3 A broad recombination band ass
ciated with isoelectronically trapped excitons was a
reported.4 The statistical properties of the alloys were oft
cited as an intrinsic source of broadening and localizatio5

Since the direct observation of the formation of Ge
self-assembled quantum dots by a Stranski-Krastan
growth mode,6 a considerable interest is devoted to the pro
erties of these islands grown on Si. By depositing Ge eit
by molecular-beam epitaxy or by chemical vapor depositi
the spontaneous nucleation of Ge/Si islands is observed
yond a critical thickness of four Ge monolayers. The pho
luminescence which is a sound spectroscopic tool for
study of the islands has been reported by several group
broad recombination band associated with the interband p
toluminescence of the islands is usually observed.7 The ra-
diative recombination of the carriers localized in the tw
dimensional wetting layers is also usually observed. T
Ge/Si self-assembled islands exhibit a small aspect r
~height/base!. The typical height of capped quantum dots
around a few nm while the lateral size of the islands rema
large, of the order of 100 nm.8,9 One does not expect a stron
lateral confinement for this range of in-plane sizes. As
posed to standard InAs/GaAs self-assembled islands w
exhibit a strong three-dimensional confinement, the confi
ment in Ge/Si islands is expected to be strong in the gro
direction but weak in the layer plane. However, the in-pla
heavy hole effective mass in tetragonally strained GeSi
loys is weak. The density of states in Ge/Si islands is the
0163-1829/2001/64~15!/155310~6!/$20.00 64 1553
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fore intermediate between the density of states of a stron
confined system and the density of states of a tw
dimensional layer. A signature of this feature should be
served in the photoluminescence recombination spectra
the islands.

In this work, we have investigated the photoluminescen
properties of Ge/Si self-assembled islands grown by che
cal vapor deposition. The photoluminescence is studied
function of the excitation power density. The power dens
is scanned over five orders of magnitude from 20mW to 2.5
W. Whereas the photoluminescence of the two-dimensio
wetting layers is weakly dependent on the excitation dens
the photoluminescence of the islands exhibit a very stro
dependence on the illumination power. The photolumin
cence broadens and shifts to higher energy by about 80 m
as the excitation density increases. This behavior indica
that the quantum dot ground-state recombination is only
served at low excitation power and that at high excitat
power the recombination from the excited states are do
nating the photoluminescence, while the ground-state rec
bination is still present. At high excitation power densitie
the radiative recombination associated with the excited h
states is characterized by a broad asymmetric line shape
a long tail towards low energy. Phonon-assisted recomb
tions contribute to the broadening of the photoluminesce
at low energy. The strong photoluminescence shift, which
much larger than the one expected from band bending
fects, indicates that the effect of state filling is significant
these islands. This blueshift is correlated to the density
states in the islands calculated by solving the thr
dimensional Schro¨dinger equation for the heavy holes. W
emphasize that the observation of the photoluminescenc
the excited states is obtained for a moderate excitation po
because of the long recombination times in these indir
band-gap semiconductors, i.e., the photoexcited carrier d
sity is much larger for a given pump intensity than the o
measured in III-V materials. These results also demonst
that the excitation density should be carefully taken into
©2001 The American Physical Society10-1
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count in order to compare photoluminescence results f
samples to samples.

The investigated samples were grown on Si~001! by
chemical vapor deposition either at low or high pressu
Silane and germane diluted in hydrogen carrier gas w
used as gas precursors. For the samples deposited a
pressure, the growth temperature was 600 °C and the
pressure around 531024 Torr during epitaxial growth. For
the samples deposited at high pressure in an industrial la
heated single wafer chemical vapor deposition reactor,10 the
growth temperature was 625 °C, at a total pressure lo
than 100 Torr. Two types of samples were studied:~i! a
single layer of buried Ge/Si self-assembled quantum d
and~ii ! a multiple stacking of ten Ge/Si self-assembled qu
tum dot layers separated by 30-nm barriers with a good
formity from layer to layer. This uniformity was achieved b
adjusting the amount of deposited Ge from layer to laye
compensate the decrease of the critical thickness induce
strain field of buried islands.11 The achievement of uniform
multiple layers ensures that the photoluminescence data
not dependent on the vertical stacking of the layers. T
quantum dots were characterized by cross-section trans
sion electron microscopy. The typical height of the quant
dot is around 6 nm and the lateral size is around 100 nm.
dot density of the samples grown at low~high! pressure is
around 2 (6)3109 cm22.11 The dots have a lens or dom
shape geometry with a circular base. It is well known that
embedding of the nanoscale islands can change the com
sition and the shape of the dots.12 The driving mechanism for
the formation of the islands is the strain relaxation. T
strain relaxation can be assisted by a strong intermixing,
the incorporation of Si into the islands.13 Selective area elec
tron diffraction pattern have shown that the average com
sition of buried Ge/Si self-assembled islands grown
chemical vapor deposition is around 50%.14 These measure
ments did also indicate that a small composition gradient
present within the islands.

The photoluminescence of the samples mounted in
helium-cooled cryostat was excited nonresonantly with
488-nm line of an argon ion laser. The photoluminesce
was dispersed by a 0.64-m monochromator and detected
a liquid-nitrogen-cooled Ge photodiode using stand
lock-in techniques. The photoluminescence data were
corrected for the spectral sensitivity of the detector but
have separately checked with an InAs photodetector that
photoluminescence spectrum was not significantly modi
by the Ge detector cutoff energy.

II. PHOTOLUMINESCENCE RESULTS

Figure 1~a! shows the low-temperature photolumine
cence of a multiple layer of uniform Ge/Si self-assemb
quantum dots as a function of the excitation power dens
The photoluminescence of the quantum dots is observe
the low-energy side of the spectrum around 800 meV.
energies above 900 meV, the recombination is associ
with the no-phonon~NP! and phonon-assisted~TO! radiative
recombination in the wetting layers. Two groups of lin
separated by the Si-Si optical phonon energy can be dis
15531
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guished in the wetting layer recombination.15 In Fig. 1~a!, the
excitation power density varies over five orders of mag
tude. The photoluminescence amplitude has been norma
to the photoluminescence of the self-assembled quan
dots. The quantum dot luminescence is dominated by a
phonon recombination line. A small shoulder as shown
example on the curve corresponding to a 0.2-mW cm22 ex-
citation intensity can be observed at lower energy. T
shoulder corresponds to a phonon-assisted recombina
The energy difference between these two resonances is c
to 36 meV, a value which corresponds to Ge-Ge phon
energies. The broadening of the photoluminescence is o
35 meV at low excitation density. This value represents
inhomogeneous broadening of the photoluminescence a
ciated with the size and composition fluctuations of the do

FIG. 1. ~a! Low-temperature~5 K! photoluminescence of a mul
tiple layer of uniform Ge/Si quantum dots as a function of t
excitation power density. The power density is, from top to botto
231024, 431024, 431023, 431022, 431021, 4, and 10
W cm22. The amplitude of the quantum dot photoluminescence
been normalized to unity. The curves are offset for clarity.~b! Low-
temperature~5 K! photoluminescence of a single layer of Ge/
quantum dots as a function of the excitation power density. Fr
left to right, the excitation power density is 431023, 431022, 4
31021, 2, and 4 W cm22. The amplitude of the quantum dot pho
toluminescence has been normalized to unity.
0-2
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OPTICAL RECOMBINATION FROM EXCITED STATES . . . PHYSICAL REVIEW B 64 155310
We emphasize that a broadening of 35 meV is significan
smaller than the one previously reported.11,15 The striking
feature reported in Fig. 1~a! is the strong dependence of th
peak energy and of the broadening of the quantum dot p
toluminescence as a function of the excitation power den
A blueshift of the photoluminescence peak as large as
meV is observed between the low and the high excitat
power density spectra. For the same excitation conditio
the photoluminescence associated with the two-dimensi
wetting layer exhibits a much smaller change. For the w
ting layers, the major difference observed as the excita
power density increases is a progressive change in the
sitions which dominate the recombination spectrum. This
havior has to be compared with the one reported for S
quantum wells vs excitation power density that was ext
sively studied in past years. The photoluminescence sh
observed in these cases were much smaller, up to 20 m
The influence of band bending effects and of the stagge
band lineup between Si and strained SiGe was mentione
explain the photoluminescence shifts.16,17A similar shift, as-
sociated with the increase of the quantization energy of e
trons localized at the interface, was also reported in a typ
heterosystem formed by GaSb/GaAs quantum dots.18 It is
clear that the shifts observed with the Ge quantum dot lu
nescence are more important than those observed with q
tum wells. Moreover, a significant broadening of the em
sion is simultaneously observed with the spectral shift, t
ruling out the space-charge effects associated with b
bending as the dominant mechanisms. Figure 1~b! shows the
photoluminescence of a single layer of Ge/Si quantum d
for different excitation power densities, thus illustrating th
the same effect is observed for a single layer of Ge/Si d

Figure 2~a! shows the photoluminescence peak ene
shift and the broadening~b! as a function of the pump exci
tation density. Figure 2~c! shows the integrated intensity o
the quantum dot photoluminescence. Three regions ca
distinguished in Figs. 2~a! and ~b!. At low excitation power
density, the photoluminescence peak energy and the br
ening are constant. We only observe an increase of the
toluminescence amplitude with the excitation density. Abo
4 mW cm22, the photoluminescence peak energy increa
with a slope of around 20 meV/decade. The broadening
the photoluminescence increases meanwhile significa
Above 4 W cm22, the peak energy and the broadening
main constant. The amplitude of the quantum dot photolu
nescence continue to increase but less significantly than
the wetting layers. For this excitation density range, the p
toluminescence of the wetting layers is characteristic of
photoluminescence of a confined electron-hole plasma.19 We
emphasize that similar photoluminescence spectra were
tained forsinglequantum dot layers grown with a high pre
sure chemical vapor deposition reactor. These data are th
fore characteristic of these Ge/Si self-assembled quan
dots. Regarding the integrated intensity, there is a bala
between the wetting layer photoluminescence and the q
tum dot photoluminescence at low excitation density. Abo
2 mW cm22, the integrated luminescence exhibits a sublin
behavior as a function of the pump excitation density. T
sublinear behavior is most likely associated with the incre
15531
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ing probability of nonradiative Auger-assisted relaxati
mechanisms.20

An upper limit of the photoinduced sheet carrier dens
n2D can be estimated from the pump excitation density~1!:

n2D5I t/hy, ~1!

where I is the pump excitation intensity,t the carrier life-
time, andhn the excitation energy. Assuming a typical r
combination time of 1 ms in this indirect band-gap
material,21 one expects a maximum sheet carrier density
13109 cm22 for a 0.4-mW cm22 intensity. The decay time o
1 ms is only given as an indication. It could be even higher
low excitation densities where the nonradiative Auger

FIG. 2. ~a! Photoluminescence peak energy as a function of
excitation power density. Figure~b! shows the broadening of th
photoluminescence. Figure 2~c! shows the integrated quantum d
photoluminescence as a function of the excitation power densi
0-3
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combination processes are quenched.3 This density of 109

carriers per square centimeter roughly corresponds to a
sity of one carrier populating each dot. The onset of
photoluminescence shift and broadening therefore co
sponds to the filling of the dot ground state. The broaden
of the photoluminescence is thus attributed to the state fil
of the quantum dots and to the recombination from the
cited states. The increase of broadening is similar to the
observed for example in InAs/GaAs self-assembled quan
dots where the recombination involving excited levels is o
served at high excitation densities.22 We note that while the
photoluminescence peak energy and broadening satu
above 4 W cm22, the amplitude of the photoluminescen
still increases above this intensity. We partly attribute t
feature to a change of the oscillator strength of the radia
transitions as more carriers are added in the dots and
surrounding. This enhanced oscillator strength could re
from a better overlap of the electron and the hole wavefu
tions because of additional band bending effects.

Figure 3 shows the dependence of the quantum dot p
toluminescence as a function of the temperature. The m
surement was performed with a low excitation power den
(231023 W cm22!. The amplitude of the quantum dot lum
nescence has been normalized for clarity. While the p
energy of the photoluminescence remains roughly cons
over the investigated temperature range, we observe the
set of the photoluminescence broadening above 150 K
this temperature, a shoulder is observed around 850 m
This 850-meV energy corresponds to the photoluminesce
energy resonance at high excitation power density~see Fig.
1!. This feature indicates that in this case the thermal ene
is sufficient to populate the excited levels of the dots.

FIG. 3. Temperature dependence of the quantum dot photolu
nescence. From bottom to top: 4, 10, 50, 100, 150, 200, and 25
The excitation power density is 2 mW cm22. The curves have bee
offset for clarity. The amplitude of the quantum dot luminescen
has been normalized to 1.
15531
n-
e
e-
g
g
-

ne
m
-

ate

s
e
its
lt
-

o-
a-
y

k
nt
n-
t

V.
ce

y

III. DISCUSSION

The photoluminescence results can be analyzed by c
sidering the density of states of the islands. A first step
estimate the density of states would be to consider the v
large diameter of the flat dots and to approximate them b
quantum well. The density of states of a two-dimensio
hole gas is

dn

dE
5

mi*

p\2 , ~2!

wheremi* is the in-plane effective mass.dn/dE represents
the number of states~dn! per unit area lying in an energ
interval dE. In the case of a Si0.5Ge0.5 quantum well with
mi* 50.136 the two-dimensional density of states is 5
31010cm22 meV21. Considering a circular surface with
diameter of 100 nm, i.e., close to the dot base area,
density of states corresponds to 4.5 states per meV, whic
equivalent to an average energy spacing of 0.22 meV
tween the states. Another way to estimate the density
states is to consider a parallelepipedal quantum dot with
finite barrier potentials and a base length of 100 nm. In
latter case, the estimated energy spacing between the
confined levels is around 1 meV. This is much larger than
quantum well approach and suggests that a more accu
calculation is necessary. In order to estimate this density,
have therefore performed single band three-dimensional
culation of the heavy hole energy levels in a quantum
taking into account a lens-shaped geometry and the fi
height of the barrier potential.23 The calculations were per
formed with a quantum dot exhibiting an homogeneous c
composition of 50% Ge, as observed by electro
diffraction,14 surrounded by silicon. The height of the len
shaped dots is 6 nm. The diameter at the base of the d
100 nm. The valence band offsets of 350 meV were ta
assuming tetragonally strained SiGe on Si.24 The in-plane
heavy hole effective mass was taken as a linear interpola
between the mass of Si (0.22m0) and Ge (0.058m0).25 The
same procedure was used for the effective mass along tz
growth axis, 0.206m0 in Ge and 0.29m0 in Si. We emphasize
that this single band calculation is only intended to expl
qualitatively the experimental features. A more detailed
scription of the valence states should be obtained in
framework of a multibandk•p calculation. The effective-
mass Schro¨dinger equation is numerically solved using
finite-difference scheme applied on a uniform cell grid
1293129365 vertices. The wave functions are set to zero
the edges of the grid, 1203120312 nm3 in size. The result-
ing Hamiltonian matrix is partially diagonalized using a
iterative Jacobi-Davidson algorithm.26 The first 140 energies
and wave functions, without spin degeneracy, are calcula
in order to get the confined states from the bottom of
confining potential to around 140 meV above the 50%
band edge. The potential profile is depicted in the inset
Fig. 4. The calculation did not take advantage of the cyl
drical symmetry present in the potential.

Figure 4 shows the calculated density of states for
heavy holes as a function of the energy. Each state is re
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sented by a Lorentzian with a half width at half maximum
100 meV. The amplitude of the density of states, which d
pends on this homogeneous broadening, is expressed
function of the number of carriers populating one state,
counting for the spin degeneracy. The energy spacing
tween the first confined states is around 5 meV, i.e.,
times larger than the one roughly estimated with a para
epipedal quantum dot with infinite barriers and 20 tim
larger than the one roughly deduced from a quantum w
calculation. This difference shows the importance to ta
into account the geometry and the effective barrier poten
As the confinement energy increases, the energy spacing
tween the confined levels decreases significantly. Two
gions can be clearly distinguished in the distribution
states: first the number of confined states increases slow
the confinement energy in the dots increases. Around an
ergy of 60–80 meV above the ground state, the numbe
confined states for a given energy spacing~i.e., the density of
states! increases significantly since these states are close
energy. The first excited state in thez direction (h001) is
calculated at 82 meV above the ground state. This confi
state is the first state of a series associated with the ons
a new quasisubband. Without accounting for the spin deg
eracy, there are about 90 levels confined in the dots at e
gies below the energy of this excited state. We note that
light hole states are not considered in this calculation
rough estimation considering a quantum well with a thic
ness of 6 nm indicates that these light hole levels sho
appear around 75 meV above the heavy hole ground s
These states are expected to further increase the dens
they appear in the energy spectrum. Considering the num
of confined states, we conclude that the density of state
the islands only differ by a factor of 2 as compared to
quantum well case if we consider the levels at an ene
higher than 80 meV above the ground state. This fea
indicates that in the limit of high energies, the density
states per unit area in the islands tends to the density of s
of a two-dimensional layer. It is a direct consequence of
large dot size of the islands. Meanwhile, at energies

FIG. 4. Density of states for the heavy hole in a lens-sha
Ge/Si quantum dot as a function of the confinement energy.
composition of the quantum dot is 50%. Each state is represe
by a Lorentzian with a half width at half maximum of 100meV.
Inset: potential profile cross section used in the calculation.
dark surface corresponds to a constant vanishing potential. W
surface stands for 350 meV.z is the growth axis. The vertical scal
is dilated by a factor of 10.
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above the ground state, the density of states in the island
significantly lower as compared to the quantum well case

The calculation of the density of states explains qual
tively the photoluminescence results. Figure 5 shows
line-shape dependence of the photoluminescence as a
tion of the number of carriers populating the dots. The inh
mogeneous broadening associated with the dot size distr
tion is accounted for by a Gaussian distribution with a h
width s at 1/Ae equal to 15 meV. The origin of the energ
corresponds to the resonance of the photoluminescenc
the weak excitation regime. In this calculation based on
density of states shown in Fig. 4, a constant oscilla
strength is assumed for each transition. As seen, the fillin
the confined hole states leads to a significant blueshift an
significant broadening of the photoluminescence. The as
metric line shape of the photoluminescence at high car
densities is well reproduced by the calculation. The sign
cant energy-level separation~;5 meV! between the first con-
fined states leads first to a large spectral shift. As more
riers are added into the dots, the variation of t
photoluminescence is less pronounced. The filling of the d
with 180 carriers~9032 accounting for the spin degenerac!
leads to a photoluminescence shift of around 60 meV. T
filling would correspond to a sheet carrier density of
31011cm22. As the dots become more populated, the ph
toluminescence shift is expected to be reduced since the
sity of states becomes larger. Populating the dots with m
carriers is also more difficult because of the efficiency of
Auger recombination at high carrier densities.27 At high car-
rier densities, one expects the wetting layer and the quan
dots to exhibit a similar behavior, i.e., no significant pho
luminescence shift, because the density of states in th
large islands is not significantly different from that of a tw
dimensional layer. We emphasize that we did not conside
this calculation the influence of Coulomb charging for the
large dots~100 nm diameter! and the many particle effects
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e
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FIG. 5. Calculated photoluminescence spectrum as a functio
the number of carriers populating the dots. The inhomogene
broadening associated with the dot size distribution is taken
account by a Gaussian with a half widths at 1/Ae equal to 15 meV.
The amplitude of the photoluminescence is normalized to un
From left to right:2–5–100–150carriers per dot. The inset show
the resonance energy shift of the photoluminescence as a fun
of the number of carriers in the dot. The full line is a guide
the eye.
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IV. CONCLUSION

In conclusion, we have shown that the photoluminesce
of Ge/Si self-assembled quantum dots is strongly depen
on the power excitation density. The strong photolumin
cence blueshift, which is not observed with two-dimensio
layers like the wetting layers, has been correlated to the
diative recombination involving excited states of the do
lt
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The density of states in the lens-shaped Ge/Si quantum
was calculated in order to explain this feature.
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27R. Häcker and A. Hangleiter, J. Appl. Phys.75, 7570~1994!.
0-6


