PHYSICAL REVIEW B, VOLUME 64, 155310

Optical recombination from excited states in G¢Si 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 Schiimger equation in these islands with a lateral size of the order of 100 nm.
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I. INTRODUCTION fore intermediate between the density of states of a strongly
confined system and the density of states of a two-
The recombination processes in SiGe/Si heterostructuregimensional layer. A signature of this feature should be ob-
have been extensively studied in recent years. The radiativeerved in the photoluminescence recombination spectra of
band-edge recombination of free and bound excitons assodhe islands.
ated with shallow impurities have been evidenced in bulk or In this work, we have investigated the photoluminescence
strained SiGe/Si quantum well sampteisocalized excitons properties of Ge/Si self-assembled islands grown by chemi-
bound to a strain field created by Ge platelets were observechl vapor deposition. The photoluminescence is studied as a
in samples grown by molecular beam epitd@t low exci-  function of the excitation power density. The power density
tation density, excitons localized by regions with higher Gejs scanned over five orders of magnitude from 20 to 2.5
content than the average alloy content were observed igv. Whereas the photoluminescence of the two-dimensional
SiGe/Si quantum well$A broad recombination band asso- wetting layers is weakly dependent on the excitation density,
ciated with isoelectronically trapped excitons was alsohe photoluminescence of the islands exhibit a very strong
rgported‘f The statistical properties of the alloys were often yependence on the illumination power. The photolumines-
cited as an intrinsic source of broadening and Iocahza‘;uon._Cence broadens and shifts to higher energy by about 80 meV

Since the direct observation of the formation of Ge/Si,q the excitation density increases. This behavior indicates

self-assembled quantum dots by a Stranski—Krastano% TR
X X . at the quantum dot ground-state recombination is only ob-
growth modé a considerable interest is devoted to the prop- a g y

. i i . .~ served at low excitation power and that at high excitation
erties of these islands grown on Si. By depositing Ge eithef ower the recombination from the excited states are domi-
by molecular-beam epitaxy or by chemical vapor depositionp . . .

the spontaneous nucleation of Ge/Si islands is observed b ating the photoluminescence, while the ground-state recom-

yond a critical thickness of four Ge monolayers. The photo-Pination is still present. At high excitation power densities,
luminescence which is a sound spectroscopic tool for théhe rao_llatlve recomblnatlon associated with _the_ excited hol_e
study of the islands has been reported by several groups. slates is f:haracterlzed by a broad asymmetr_lc line shape _W|th
broad recombination band associated with the interband phé long tail towards low energy. Phonon-assisted recombina-
toluminescence of the islands is usually observatie ra-  tions contribute to the broadening of the photoluminescence
diative recombination of the carriers localized in the two-at low energy. The strong photoluminescence shift, which is
dimensional wetting layers is also usually observed. Theénuch larger than the one expected from band bending ef-
Ge/Si self-assembled islands exhibit a small aspect ratitects, indicates that the effect of state filling is significant in
(height/bask The typical height of capped quantum dots isthese islands. This blueshift is correlated to the density of
around a few nm while the lateral size of the islands remainstates in the islands calculated by solving the three-
large, of the order of 100 nfh? One does not expect a strong dimensional Schidinger equation for the heavy holes. We
lateral confinement for this range of in-plane sizes. As opemphasize that the observation of the photoluminescence of
posed to standard InAs/GaAs self-assembled islands whicthe excited states is obtained for a moderate excitation power
exhibit a strong three-dimensional confinement, the confinebecause of the long recombination times in these indirect
ment in Ge/Si islands is expected to be strong in the growtlband-gap semiconductors, i.e., the photoexcited carrier den-
direction but weak in the layer plane. However, the in-planesity is much larger for a given pump intensity than the one
heavy hole effective mass in tetragonally strained GeSi almeasured in IlI-V materials. These results also demonstrate
loys is weak. The density of states in Ge/Si islands is therethat the excitation density should be carefully taken into ac-
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count in order to compare photoluminescence results from AL AL ALY S
samples to samples.

The investigated samples were grown on(08i) by
chemical vapor deposition either at low or high pressure.
Silane and germane diluted in hydrogen carrier gas were
used as gas precursors. For the samples deposited at low
pressure, the growth temperature was 600 °C and the gas
pressure around>$10 * Torr during epitaxial growth. For
the samples deposited at high pressure in an industrial lamp-
heated single wafer chemical vapor deposition red€ttire
growth temperature was 625°C, at a total pressure lower
than 100 Torr. Two types of samples were studi€gl:a
single layer of buried Ge/Si self-assembled quantum dots,
and(ii) a multiple stacking of ten Ge/Si self-assembled quan-
tum dot layers separated by 30-nm barriers with a good uni-
formity from layer to layer. This uniformity was achieved by
adjusting the amount of deposited Ge from layer to layer to
compensate the decrease of the critical thickness induced by (a)
strain field of buried island¥. The achievement of uniform
multiple layers ensures that the photoluminescence data are
not dependent on the vertical stacking of the layers. The
guantum dots were characterized by cross-section transmis-
sion electron microscopy. The typical height of the quantum
dot is around 6 nm and the lateral size is around 100 nm. The
dot density of the samples grown at Idwigh) pressure is
around 2 (6 10°cm 21! The dots have a lens or dome
shape geometry with a circular base. It is well known that the
embedding of the nanoscale islands can change the compo-
sition and the shape of the ddtsThe driving mechanism for 0
the formation of the islands is the strain relaxation. This
strain relaxation can be assisted by a strong intermixing, i.e.,
the incorporation of Si into the island®Selective area elec- ()
tr_o_n dlffractlon pattern have shown that the average compo- FIG. 1. (a) Low-temperaturé5 K) photoluminescence of a mul-
sition of buried Ge/Si self-assembled islands grown byti e | £ unif GelSi tum_ dot functi f th

. L. . ple layer or unitorm Ge/sl quantum dots as a functuon o e

chemical vapor deposition is around 584 hese measure-

. . . ) excitation power density. The power density is, from top to bottom,
ments did also indicate that a small composition gradient Wagy 1g-4 4% 104 4x10°3 4x10-2 4x10-! 4 and 10

present within the islands. _ Wecm 2 The amplitude of the quantum dot photoluminescence has
The photoluminescence of the samples mounted in aBeen normalized to unity. The curves are offset for clattiyLow-

helium-cooled cryostat was excited nonresonantly with th§emperature(5 K) photoluminescence of a single layer of Ge/Si

488-nm line of an argon ion laser. The photoluminescenc@uantum dots as a function of the excitation power density. From

was dispersed by a 0.64-m monochromator and detected witbt to right, the excitation power density is41073, 4x 1072, 4

a liquid-nitrogen-cooled Ge photodiode using standardx 107, 2, and 4 W cm? The amplitude of the quantum dot pho-

lock-in techniques. The photoluminescence data were nabluminescence has been normalized to unity.

corrected for the spectral sensitivity of the detector but we

have separately checked with an InAs photp_detector tha‘_t_t"guished in the wetting layer recombinatiShin Fig. 1(a), the
photoluminescence spectrum was not significantly modifieqycitation power density varies over five orders of magni-
by the Ge detector cutoff energy. tude. The photoluminescence amplitude has been normalized
to the photoluminescence of the self-assembled quantum
dots. The quantum dot luminescence is dominated by a no-
phonon recombination line. A small shoulder as shown for
Figure Xa) shows the low-temperature photolumines- example on the curve corresponding to a 0.2-mW Ciex-
cence of a multiple layer of uniform Ge/Si self-assembledcitation intensity can be observed at lower energy. This
guantum dots as a function of the excitation power densityshoulder corresponds to a phonon-assisted recombination.
The photoluminescence of the quantum dots is observed tdhe energy difference between these two resonances is close
the low-energy side of the spectrum around 800 meV. Ato 36 meV, a value which corresponds to Ge-Ge phonon
energies above 900 meV, the recombination is associateshergies. The broadening of the photoluminescence is only
with the no-phonorfNP) and phonon-assistd@O) radiative 35 meV at low excitation density. This value represents the
recombination in the wetting layers. Two groups of linesinhomogeneous broadening of the photoluminescence asso-
separated by the Si-Si optical phonon energy can be distirgiated with the size and composition fluctuations of the dots.
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We emphasize that a broadening of 35 meV is significantly
smaller than the one previously reportéd® The striking
feature reported in Fig.(d) is the strong dependence of the
peak energy and of the broadening of the quantum dot pho-
toluminescence as a function of the excitation power density.
A blueshift of the photoluminescence peak as large as 80
meV is observed between the low and the high excitation
power density spectra. For the same excitation conditions, —
the photoluminescence associated with the two-dimensional PO
wetting layer exhibits a much smaller change. For the wet- 78000l v vsid covid ol
ting layers, the major difference observed as the excitation 10 102 10°
power density increases is a progressive change in the tran- Power density (W cm’z)
sitions which dominate the recombination spectrum. This be-
havior has to be compared with the one reported for SiGe 65 D I B AL e &
guantum wells vs excitation power density that was exten- ¢
sively studied in past years. The photoluminescence shifts ‘(b)
observed in these cases were much smaller, up to 20 meV. 55L
The influence of band bending effects and of the staggered
band lineup between Si and strained SiGe was mentioned to
explain the photoluminescence shifts’ A similar shift, as-
sociated with the increase of the quantization energy of elec-
trons localized at the interface, was also reported in a type-II
heterosystem formed by GaSh/GaAs quantum Hbts.is *
clear that the shifts observed with the Ge quantum dot lumi- 35008l sid o il vl |
nescence are more important than those observed with quan- 10°* 102 10°
tum wells. Moreover, a significant broadening of the emis- Power density (w Cm‘z)
sion is simultaneously observed with the spectral shift, thus A
ruling out the space-charge effects associated with band
bending as the dominant mechanisms. Figui® ¢hows the
photoluminescence of a single layer of Ge/Si quantum dots
for different excitation power densities, thus illustrating that
the same effect is observed for a single layer of Ge/Si dots.
Figure 2a) shows the photoluminescence peak energy
shift and the broadenin() as a function of the pump exci-
tation density. Figure () shows the integrated intensity of
the quantum dot photoluminescence. Three regions can be
distinguished in Figs. (@ and (b). At low excitation power - - 2
density, the photoluminescence peak energy and the broad- 10 10 10
ening are constant. We only observe an increase of the pho- Power density (W cm™?)
toluminescence amplitude with the excitation density. Above
4 mWcm 2, the photoluminescence peak energy increases FIG. 2. (a) Photoluminescence peak energy as a function of the
with a slope of around 20 meV/decade. The broadening oéxcitation power density. Figuré) shows the broadening of the
the photoluminescence increases meanwhile significantlphotoluminescence. Figurdd® shows the integrated quantum dot
Above 4 Wcm 2, the peak energy and the broadening re-photoluminescence as a function of the excitation power density.
main constant. The amplitude of the quantum dot photolumi-
nescence continue to increase but less significantly than fang probability of nonradiative Auger-assisted relaxation
the wetting layers. For this excitation density range, the phomechanism§9
toluminescence of the wetting layers is characteristic of the An upper limit of the photoinduced sheet carrier density
photoluminescence of a confined electron-hole plaSti®e  n,p can be estimated from the pump excitation denély
emphasize that similar photoluminescence spectra were ob-
tained forsinglequantum dot layers grown with a high pres- Nyp=17/hv, 1)
sure chemical vapor deposition reactor. These data are there-
fore characteristic of these Ge/Si self-assembled quantunherel is the pump excitation intensity; the carrier life-
dots. Regarding the integrated intensity, there is a balancéme, andhv the excitation energy. Assuming a typical re-
between the wetting layer photoluminescence and the quamombination time of 1 us in this indirect band-gap
tum dot photoluminescence at low excitation density. Abovematerial?! one expects a maximum sheet carrier density of
2 mW cmi 2, the integrated luminescence exhibits a sublinearl X 10° cm ™2 for a 0.4-mW cm 2 intensity. The decay time of
behavior as a function of the pump excitation density. Thisl us is only given as an indication. It could be even higher at
sublinear behavior is most likely associated with the increaslow excitation densities where the nonradiative Auger re-
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aaaaadnaans s IIl. DISCUSSION

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

e @

i

Temperature
Q.
=}
3

wherem| is the in-plane effective masdn/dE represents
the number of state&n) per unit area lying in an energy
interval dE. In the case of a gkGe) 5 quantum well with
mi=0.136 the two-dimensional density of states is 5.7
x10*%m 2meV 1. Considering a circular surface with a
1.1 diameter of 100 nm, i.e., close to the dot base area, this
Energy (eV) density of states corresponds to 4.5 states per meV, which is
equivalent to an average energy spacing of 0.22 meV be-
FIG. 3. Temperature dependence of the quantum dot photolumiween the states. Another way to estimate the density of
nescence. From bottom to top: 4, 10, 50, 100, 150, 200, and 250 Kstates is to consider a parallelepipedal quantum dot with in-
The excitation power density is 2 mW cth The curves have been finite barrier potentials and a base length of 100 nm. In the
offset for clarity. The amplitude of the quantum dot luminescence|gar case, the estimated energy spacing between the first
has been normalized to 1. confined levels is around 1 meV. This is much larger than the
quantum well approach and suggests that a more accurate
combination processes are quenchekhis density of 18  calculation is necessary. In order to estimate this density, we
carriers per square centimeter roughly corresponds to a dehave therefore performed single band three-dimensional cal-
sity of one carrier populating each dot. The onset of theculation of the heavy hole energy levels in a quantum dot
photoluminescence shift and broadening therefore correl2king into account a lens-shaped geometry and the finite
sponds to the filling of the dot ground state. The broadenindieight of the barrier potentiaf. The calculations were per-
of the photoluminescence is thus attributed to the state fillingormed with a quantum dot exhibiting an homogeneous core

of the quantum dots and to the recombination from the extomposition of 50% Ge, as observed Dby electronic

cited states. The increase of broadening is similar to the ongp]‘fracgog, s_urr60undedhbyd§|l|con. The r?aght of tfheh Iegs— .
observed for example in InAs/GaAs self-assembled quantu nge _IQLS 1S | nm. -lt—) ed |afr’fr1eE[er "’:ct ;5% as\e/ ort et Et IS
dots where the recombination involving excited levels is ob- nm. The valence band ofisets o eV were taken

served at high excitation densiti#sWe note that while the ﬁssummg tetragqnally strained SiGe on STI.’he n plane ,
eavy hole effective mass was taken as a linear interpolation

photoluminesc_eznce peak energy and broadenjng Saturatt)%tween the mass of Si (0:23) and Ge (0.058).% The
above 4 Wcm?, the amplitude of the photoluminescence o, procedure was used for the effective mass along the

still increases above this intensity. We partly attribute thisgrowth axis, 0.2081, in Ge and 0.281, in Si. We emphasize

feature to a change of the oscillator strength of the radiativg, ot this single band calculation is only intended to explain
transitions as more carriers are added in the dots and it§,ajitatively the experimental features. A more detailed de-
surrounding. This enhanced oscillator strength could resu'écription of the valence states should be obtained in the
from a better overlap of the electron and the hole wavefuncframework of a multibandk - p calculation. The effective-
tions because of additional band bending effects. mass Schidinger equation is numerically solved using a
Figure 3 shows the dependence of the quantum dot phdinite-difference scheme applied on a uniform cell grid of
toluminescence as a function of the temperature. The mea29x 129x 65 vertices. The wave functions are set to zero at
surement was performed with a low excitation power densitythe edges of the grid, 120120 12 nn? in size. The result-
(2x 10 3Wcm™?). The amplitude of the quantum dot lumi- ing Hamiltonian matrix is partially diagonalized using an
nescence has been normalized for clarity. While the peakerative Jacobi-Davidson algorithfAThe first 140 energies
energy of the photoluminescence remains roughly consta@nd wave functions, without spin degeneracy, are calculated
over the investigated temperature range, we observe the om order to get the confined states from the bottom of the
set of the photoluminescence broadening above 150 K. Atonfining potential to around 140 meV above the 50% Ge
this temperature, a shoulder is observed around 850 me¥and edge. The potential profile is depicted in the inset of
This 850-meV energy corresponds to the photoluminescendeig. 4. The calculation did not take advantage of the cylin-
energy resonance at high excitation power den@ge Fig. drical symmetry present in the potential.
1). This feature indicates that in this case the thermal energy Figure 4 shows the calculated density of states for the
is sufficient to populate the excited levels of the dots. heavy holes as a function of the energy. Each state is repre-
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Ge;:SIiG. jénaﬂsétgt (;fssgaﬁigggrfh; I:r?:\/cyorkl]f(i)rlleerlr?er?t IEEZ;Shag_id FIG. 5. Calculated photoluminescence spectrum as a function of
qu . . gy- ?he number of carriers populating the dots. The inhomogeneous
composition of the quantum dot is 50%. Each state is representek()j

by a Lorentzian with a half width at half maximum of 1Q&V. a;%idi?lgg aa(s;?(:slz'tzg Wl:]h;?;got dst;za(ta 1(j\|/sgtr(|3but;)|rlolsiéar§2r\1/ into
Inset: potential profile cross section used in the calculation. Th unt oy ussian wi wi qu )

dark surface corresponds to a constant vanishing potential. Whi?é:]:malr:f? lg)u?izh?-fzt_r]:_rl)ggtflllgggﬁis:rin;:r I(?o?o'lr'rr?ealilrfsg tsoh(;JvUIsty.

surface stands for 350 me¥is the growth axis. The vertical scale . . .
is dilated by a factor of 10 the resonance energy shift of the photoluminescence as a function
' of the number of carriers in the dot. The full line is a guide to

) ] ) ) the eye.
sented by a Lorentzian with a half width at half maximum of

100 ueV. The amplitude of the density of states, which de- ) ) ) )
pends on this homogeneous broadening, is expressed adgove the ground state, the density of states in the islands is

function of the number of carriers populating one state, acSignificantly lower as compared to the quantum well case.
counting for the spin degeneracy. The energy spacing be- The calculation of the density of states explains qualita-
tween the first confined states is around 5 meV, i.e., fivdively the photoluminescence results. Figure 5 shows the
times larger than the one roughly estimated with a parallelline-shape dependence of the photoluminescence as a func-
epipedal quantum dot with infinite barriers and 20 timestion of the number of carriers populating the dots. The inho-
larger than the one roughly deduced from a quantum welinogeneous broadening associated with the dot size distribu-
calculation. This difference shows the importance to takeion is accounted for by a Gaussian distribution with a half
into account the geometry and the effective barrier potentialidth o at 14/e equal to 15 meV. The origin of the energy
As the confinement energy increases, the energy spacing beorresponds to the resonance of the photoluminescence in
tween the confined levels decreases significantly. Two rethe weak excitation regime. In this calculation based on the
gions can be clearly distinguished in the distribution ofgensity of states shown in Fig. 4, a constant oscillator
states: first the number of confined states increases slowly agrength is assumed for each transition. As seen, the filling of
the confinement energy in the dots increases. Around an efe confined hole states leads to a significant blueshift and a

erg;;_ ofd60—80 r]:nev above the ground .stater,] tr:je nqmb?r %ignificant broadening of the photoluminescence. The asym-
confined states for a given energy spading, the density o metric line shape of the photoluminescence at high carrier

state$ increases significantly since these states are closer i L : -
) . . oo . nsities is well reproduc th Iculation. The signifi-
energy. The first excited state in tlzedirection (g is ensites is we eproduced by the calculatio € sl

calculated at 82 meV above the ground state. This confineﬁant energy-level separatior5 meV) between the first con-

state is the first state of a series associated with the onset Ped states leads first to a large spectral shift. As more car-

a new quasisubband. Without accounting for the spin deger{lers are added |.nto the dots, the Vaf.""?“"” of the
hotoluminescence is less pronounced. The filling of the dots

eracy, there are about 90 levels confined in the dots at enel’ , ; )
gies below the energy of this excited state. We note that th¥ith 180 carrier§90x 2 accounting for the spin degeneracy

light hole states are not considered in this calculation. A€ads to a photoluminescence shift of around 60 meV. This
rough estimation considering a quantum well with a thick-filling would correspond to a sheet carrier density of 4
ness of 6 nm indicates that these light hole levels should 10" cm 2. As the dots become more populated, the pho-
appear around 75 meV above the heavy hole ground statéQluminescence shift is expected to be reduced since the den-
These states are expected to further increase the density 3iy of states becomes larger. Populating the dots with more
they appear in the energy spectrum. Considering the numbearriers is also more difficult because of the efficiency of the
of confined states, we conclude that the density of states iAuger recombination at high carrier densitfé#t high car-

the islands only differ by a factor of 2 as compared to therier densities, one expects the wetting layer and the quantum
guantum well case if we consider the levels at an energylots to exhibit a similar behavior, i.e., no significant photo-
higher than 80 meV above the ground state. This featuruminescence shift, because the density of states in these
indicates that in the limit of high energies, the density oflarge islands is not significantly different from that of a two-
states per unit area in the islands tends to the density of statdgmensional layer. We emphasize that we did not consider in
of a two-dimensional layer. It is a direct consequence of thehis calculation the influence of Coulomb charging for these
large dot size of the islands. Meanwhile, at energies justarge dots(100 nm diametgrand the many particle effects.
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V. CONCLUSION The density of states in the lens-shaped Ge/Si quantum dots
was calculated in order to explain this feature.

In conclusion, we have shown that the photoluminescence
of Ge/Si self-assembled quantum dots is strongly dependent
on the power excitation density. The strong photolumines- ACKNOWLEDGMENT
cence blueshift, which is not observed with two-dimensional
layers like the wetting layers, has been correlated to the ra- We acknowledge financial support from $aux Micro et
diative recombination involving excited states of the dots.NanoTechnologies under Contract No. 00V0091.
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