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The optical properties and dynamics of charge carriers in self-organized arrays of {gtegtiered band
lineup GaSh/GaAs quantum dots are studied. Interband absorption from type-ll quantum dots is evidenced;
the energetic positions of quantum dot absorption peaks coincide with those apparent in photoluminescence
spectra(Sh,A9 intermixing with an antimony diffusion length of about 1 nm is found to make an important
contribution to the observed transition energies. Dipole layer formation and quantum dot state filling contribute
to the luminescence blueshift with increasing excitation density. The recombination rate of electrons with
localized holes drastically depends on the average carrier density. When several carriers are localized at each
dot, decay time constants around 5 ns, quite similar to type-l systems, are observed. Individual, spatially
indirect excitons decay with much larger time constants close jos1The decay time of quantum dot
luminescence is independent of the temperature in the measured Tan§8 K as expected for zero-
dimensional excitond.S0163-18208)04907-3

[. INTRODUCTION guantum dots. In Ref. 11 the recombination dynamics of
carriers in samples containing GaSb quantum dots of 80 nm-
Using the coherent island Stranski-Krastanov growthdiameter and 10 nm height has been investigated. The posi-
mode dense arrays of self-organized quantum dots can @@n of the QD luminescence between 1.35 and 1.4(R¥f.
fabricated in numerous material systems. Most research 1) appears, compared to that from our structures and those
devoted currently to the & _,As/Al,Ga_,As system N Ref._6, to be rather high and corresponds_to the transition
with the aim of application in laser devices, the first being®f @ thin 0.3 nm GaSb/GaAs quantum well in our samples.
reported in Ref. 1. It is expected that the incorporation ofAlthough strong Sb-As intermixing is observed in our dots,
antimony compounds will lead to usable quantum dQB) as is evidenced in de'ga|l below, luminescence from 22 nm-
luminescence in the wavelength range well aboveutrion ~ diam GaSkAs) QD's is observed at much lower energy
GaAs substrates. The growth of pseudomorphic GaSb ﬁ|mglos_e_to l.1leV. We will show in this work that this trangltlon
on GaAs using metal-organic vapor deposition was reporte§xhibits a slow time constasof about 0.6us) at low carrier
in Ref. 2; above a critical thickness of 1.5 nm-large d_ensny, wr_nch we attnbutg to the recombination of indi-
(>100 nm) elastically relaxed islands were observed. Forvidual spatially indirect excitons at QD's.
mation of coherent dots in molecular-beam epit#4BE)
was reported in Ref. 3 f_;md eviden_ce_d by transmission elec- Il. GROWTH AND CHARACTERIZATION
tron microscopy(TEM) images. Similar results were ob-
tained in Ref. 4, also using scanning tunneling microscopy. Samples were grown by elemental source MBE on semi-
Luminescence results have been reported fof 28° and  insulating GaAs(100 substrates using a RIBER-32 MBE
40-60 nm(Ref. 6 GaSh, 50 nm-diam InSb and 56 nm-diam machine. Growth rates were 0g@n/h for both GaAs and
AISb [Ref. 5] quantum dots on GaAs. InSb dots were alsoGaSb. Arsenic and antimony vapor pressures were
created on InP substratéRecent experimental investiga- (2—3)x 10 ® Torr. After oxide desorption, a 0.am-thick
tions comprise the determination of phonon enefgmsd  GaAs buffer was grown at 600 °C followed by a short-period
local conduction-band offséfor GaSb/GaAs quantum dots. GaAs/Al GaygAs (2 nm/2 nm superlattice with a total
(In,Ga,ASb/GaAs heterostructures exhibit a type-Il thickness of 20 and 5 nm GaAs. Subsequently, the growth
(staggered band lineup featuring recombination from spa-was interrupted until the substrate had cooled down to
tially indirect excitons and are thus electronically fundamen-470 °C. Then the surface was exposed to an Sb flux, leading
tally different from their well-known As-containing type-l to the formation of a GaSb layer. We find that 10- and 30-s
counterparts. A dramatic reduction of exciton oscillatorgrowth interruption under an Sb flux results in the formation
strength is theoretically expectédHowever, studies of the of 1- and 2- ML-thick GaSb layers, respectively,
fundamental optical properties of such spatially indirect(1 ML~0.3 nm). Further increase in GaSb thickness is ac-
guantum dot excitons are scarce in the literature. Here, weomplished by additionally opening the Ga shutter. The re-
will report absorption and recombination dynamics of type-Ilsulting structure is covered by a 5-nm-thick GaAs layer and
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FIG. 1. Weak beam plan view TEM image of GaSbh/GaAs quan- 30
tum dots for 1.2 nm nominal GaSh deposition. F
@
another superlattice. The GaAs quantum well and the super- ‘ED
lattices are intended to prevent nonequilibrium carrier cap- §
ture by surface-induced states and by deep centers in the
GaAs:Cr semi-insulating substrate.
Plan view TEM studies are carried out in a high voltage

JEOL JEM 1000 microscope operated at 1 MV. Photolumi- 0 02 -01 0.0 01 02
nescencéPL) was excited using the 514.5-nm line of an*Ar ’ ) ’ ) )
laser. The PL studies were performed in the temperature
range  of 2_73;00 K ~and an intensity range of FIG. 2. Histogram of lateral size and asymmetry of quantum
0.01-500 W cm® on 0.3-, 0.6-, 0.75-, _and 0.9-nm Ga}sb dots. The dashed lines show the corresponding Gaussian fits.
guantum wells and GaSb QD'’s originating from deposition
of 1.2-nm GaSb. Photoluminescence excitatiBhE) spec- . L —
troscopy was performedt 2 K using a tung;ﬁster';:)haplogen relative standard deviatioar, /L is 19%. The asymmetry
lamp as excitation source. The light was dispersed by & (2—b)/(a+Db) has an average value pf|~0.07.
0.35-m double monochromator, analyzed with a double

prism monochromator, and detected using a liquigehioled B. Absorption

Ge p-i-n diode with a total spectral resolution of 20 meV.
Calorimetric absorption spectroscdpyvas carried out at a
base temperature of 500 mK. Time-resolved
cathodoluminescent®&(CL) was performed using an excita-
tion voltage of 15 kV and a beam current of 6 nA with long

excitation pulses of about 160 ns to create an equilibriu )
situation. Due to the slow time constants involved a IOWattnbuted to the heavy-hole electron ground-stag, lih,)

repetition rate of about 200 kHz was chosen. The CL wadransition in the wetting layer because it coincides with the

detected with a total time resolution of about 500 ps using &nirgetlc pé)smorjf of I?rr}[nﬁicencellfrog SSSb quaéntum
photomultiplier withS1 characteristics. wells upon deposition of slightly smaller GaSb amo(h

nm, see Sec. lll L The second broad PL line at 1.09 eV
coincides with the observed radiative recombination between
Ill. RESULTS AND DISCUSSION the heavy holes confined in the GaSb quantum dots and two-
dimensional electrons in the GaAs layérSimilar to type-I
quantum dotg? the energy positions of absorption and lumi-

A weak-beam TEM image of the 1.2-nm GaSh sample ismescence peaks of the quantum dots coincide. We observe at
shown in Fig. 1. The contrast is partly due to strain fields.|east one additional excited-state absorption peak at 1.16 eV
The in-plane projection of the quantum dot shape appeansetween the QD ground-state absorption and the wetting-
rectangular with rounder edges compared to that found folayer (WL ) transition at 1.23 eV, which cannot yet clearly be
InAs/GaAs quantum dot¥. Some additional contrast can be assigned to a particular transition. Though the base length of
seen in TEM images due to the two-dimensional wettingabout 22 nm is the smallest reported so far for GaSb quan-
layer resolved in between the GaSb dots. A statistical analytum dots, it is relatively large and strong lateral confinement
sis of the size and shape of abouf Hts is shown in Fig. 2. is not expected. An effective-mass calculation using biaxial
The density of the dots is approximatelyx40 cm 2 strain for the rather flat dot geometry and a heavy-hole mass
Most of the dots have a slightly asymmetric base shape. Thegy,,=0.28m, (Ref. 16 indicates a heavy-hole sublevel sepa-
dots exhibit an average lateral size= \/ab of 22 nm with a  ration due to the lateral confinement of about 7 meV. We
standard deviatiow, of 4.2 nm,a andb being the axes of speculate that the observed excited-st@1B*) is due to the
the dots in thg100) and(010 directions, respectively. The quantization in the quantum dot along the growth direction.

Asymmetry A

In order to study the electronic level structure of the dots
we performed calorimetric absorption spectroscopy. In Fig. 3
we depict the calorimetric absorption spectrum of the 1.2-nm
GaSb sample at 500 mK and the PL spectrun2 & and

.05W cm?. The line at 1.23 eV in the PL spectrum is

A. Structural characterization
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FIG. 3. (a) Calorimetric absorption spectrun £ 500 mK) and
(b) low excitation density D=0.05W/cnf) photoluminescence
spectrum T=2 K) of the 1.2-nm GaSb sample containing QD'’s.
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FIG. 5. Dependence of PL peak energy on GaSb layer thickness.

Solid (dashegl line shows calculated electron heavy-hole transition

energy for GaSh/GaAs quantum wells withithout) Sb diffusion.

The inset shows the conduction-band profile withithout) diffu-

sion using the same line styles.

WL transition appears at essentially the same energy as for
the 0.9 nm sample. The quantum dot PL line has a FWHM of

In Fig. 4 we show again the PL spectrum of the 1.2-nM100 meV, which is attributed to the relatively large dot size
GaSh sample containing quantum dots. For comparison, thgstripution already observed in the TEM pictures. The sur-
spectra of three GaSh/GaAs structures with nominal averaggisingly large FWHM for the 0.9 nm nominal thickness is
GaSb layer thicknesses of 0.3, 0.75, and 0.9 nm are depiCteprlained by the onset of QD formation.

Their luminescence is a single, intense, and relatively narrow e dependence of the peak energy of the GaSh-related
peak due to heavy-hole electron transition in GaSb/GaAfminescence on the average GaSb layer thickness recorded

type-1l quantum well$’!

The full width at half maximum o 5 K and 5 W cm? is shown in Fig. 5 together with cal-

(FWHM) for the 0.3- and 0.75-nm GaSb quantum wells iS¢y jated energies for the heavy-hole transitihighe calcu-
about 20 meV and for 0.9-nm GaSb quantum well about 5Q,1ed energies represent upper values since thermalization ef-
meV. Formation of the GaSb dots results in a profoundrects are not considered. It can be seen that for layer
modification of the PL spectra. For the 1.2-nm GaSb samplgyicknesses larger than 0.3 nm, the calculated energies are
we observe two PL lines due to heavy holes at differengg|oy the experimentally observed ones. This disagreement
energies in the wetting layer and in the quantum dots. Thean pe explained by interface broadening due to an exchange
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FIG. 4. Photoluminescence spectid=>5 Wicn?, T=2 K) of
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samples with different GaSb layer thickness.

reaction between Sh and A%:2° The resulting reduction of
the minimum of the binding potential causes an increase in
the transition energy.

Good agreement with the experimental data for nominal
thickness 0.6, 0.75, and 0.9 nm is obtained when an anti-
mony diffusion length_ of about 0.55 nm is assuméBig.

5). The inset shows the profile of the conduction band with
diffusion (solid line) and without(dotted ling. The deviation

for the 0.3-nm sample may be explained by larger uncer-
tainty of the thickness or thermalization effects.

It can be assumed that in the 1.2-nm sample the remaining
0.3 nm of the GaSb is transformed into QD’s. To simplify
the calculation we assume a disk shape for the dots. A dot
density of 4<10'°cm 2 corresponds then to an average
GaSb dot height of 2.9 nmLE=0). For a 2.9-nm
GaSb/GaAs disk and a Sb diffusion length of about 1 nm the
QD luminescence energy of 1.08 meV can be modeled. Fig-
ure 6 shows the band alignment, wave functions, and energy
levels for a 2.9-nm GaSb/GaAs disk with an abrupt interface
and a graded interface due to Sb diffusion.
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In Fig. 7 the PL spectra for different excitation energies m 0.25
and PLE spectra for different detection energies are shown. It 10'G MW\ 8-;5
is obvious that there seems to be only little “communica- 0025
tion” between WL and QD'’s. It is almost impossible to ex- 0.01
cite QD luminescence by resonantly exciting the WL. Both 10°— . . .
i 1.0 11 12 1.3
QD and WL seem to be fed from the same states having an : ' . :
energy of 1.3 eV or greater. These results clearly show the Energy (eV)

different origin of the QD and WL luminescence lines and

suggest that the luminescence of wetting-layer states in th&ff

1.2-nm QD sample stems actually from localized states.

D. Excitation density dependent PL

FIG. 8. PL spectra of the 1.2-nm GaSb structufe=6 K) for
erent excitation densities between 0.01—500 Wicm

tra at low-excitation density<0.5 W/cnf). With increasing

excitation density, the PL peaks shift toward higher energies.

Figure 8 shows the photoluminescence spectra of GaSbhis blueshift reflects the dipole layer formation caused by
QD’s recorded at different excitation densities betweenspatial separation of nonequilibrium holes confined in GaSb
0.01-500 W/crh (T=5 K) on a semilogarithmic scale. The and electrons confined in the nearby GaAs region and is
low-energy PL line due to the QD’s is dominant in the spec-proportional to the third root of the excitation density

Luminescence Intensity (arb. units)

1.2

1.4 1.6

Energy (eV)

FIG. 7. (a) Selectively excited PL specti@xcitation energy is
indicated by arrowsof 1.2-nm GaSb QD sampléb) PLE spectra
for detection energies on the QD and Wharked by arrows All

measurements dt=2 K.

DY33817|n Fig. 9 we show the dependence of the PL maxi-
mum (solid symbol$ of the wetting layer and QD’s on ex-
citation density. The dashed lines show fits to the third root
of the excitation density with the same proportionality con-
stant. At excitation densities larger than 2.5 W#ctne PL
maximum energies of QD’s are systematically above the
dashed line. This effect is due to the participation of an ex-
cited state (QD) in the QD luminescence. The filling of the
quantum dot density of states leads to an additional shift of
the PL maximum energy to higher energies. The PL energies
of the ground state of QD’s, determined by a line-shape fit to
the PL spectra, are shown also in Fig(dpen circles The
inset shows a PL spectrum at 250 Wfcand the corre-
sponding fit. The position of the excited state of the QD is in
accordance with the absorption spectrum. It can be seen that
the ground state of QD’&pen symbols in Fig.)9continues

to shift proportionally toD/3,

E. Oscillator strength

In order to investigate the dynamics of carrier recombina-
tion in GaSb QD’s, we performed time-resolved CL mea-
surements. Figure 10 shows the low-tempera(Gri) tran-
sients taken from the 1.2-nm GaSb QD sample at five
different detection energies. The transients are strongly non-
exponential.

In order to understand the decay we must take into con-
sideration the dependence of electron-hole overlap on the
nonequilibrium carrier density due to the band-bending ef-
fect in a type-Il system. The static electric field of the array
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energy for the 1.2-nm GaSb sample.
10% 10" 10° 10" 10° decay time for a small average population. To simplify, we
D (W /sz) fit the transients with the sum of two exponential functions,

corresponding to the initial#;) and final (r,) decay con-
FIG. 9. Dependence of PL peak energy on excitation density fostants. The fits of the experimental data are shown as lines

the wetting layefsquare and quantum dot&olid circle of the 1.2-  With the short time constant; also in Fig. 10. The initial
nm GaSb/GaAs sample. Dashed lines repreg#it dependence decay time in dependence on energy varies between 3.5 and
with the same proportionality constant but different offset energy.11 ns. In Fig. 11 we show the dependence of the initial decay
The open circles represent the energy of the QD ground state d8me 7, on detection energy. These measurements suggest
obtained from line-shape fits. The inset depicts the PL spectrum ghat the initial decay time; of the dots and the wetting layer
D =250 W/cnt and the corresponding fit. are almosequal The time constant, is 7,(QD)=5+0.6 ns

and 7,(WL)=5.5+0.4 ns for QD and WL, respectively. We
of positively charged dots will attract electrons in the GaAsspeculate that in betwegaround 1.2 eV detection enengy
barrier. The generated carriers recombine continuously and, is increased due to a smaller oscillator strength of excited
thus the electron-hole overlap decreases with time. After reQD states.
combination of the majority of nonequilibrium carriers the A small exciton binding energy and oscillator strength for
band-bending effect is negligible, leading to a well-definedtype-Il spherical QD’s was predicted in Ref. 10. For a single
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FIG. 10. Cathodoluminescence transients from 1.2-nm GaSb
sample T=5 K). The inset shows the CL spectrum with the posi- FIG. 12. Temperature dependence of the initial decay time for
tions of the detection energies marked by arrows. the QD and WL cathodoluminescence.
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spherical GaSb quantum dot with the same volume as in oYserature in the measured rangje65 K (about 51 n9 as
case, a very small electron-hole overkg.1 is expected. In  expected for well-localized zero-dimensional carriers. The
contrast, our results demonstrate large oscillator strength. Hecay time for the WL decreases with increasing temperature
we assume an electron-hole overlap of 100% for an ideafrom 5.5 ns &5 K to 2.5 ns at 65 KSince simultaneously
type-I quantum dot and a carrier lifetime of about 2 ns ashe WL luminescence intensity decreases, we suspect a non-
observed for InAs/GaAs QD% we expect for the dots with ~ radiative mechanism, possibly evaporation of holes out of
a carrier decay time of 5 ns, an electron-hole overlap othe WL quantum well.

about 60%. This strong oscillator strength of GaSb QD’s can

be explained by the shape of the dots and the actual sample V. CONCLUSION

structure with AJGa _,As barriers on both sides of the Th tical ’ ¢ and ier d ics in t "
GaSb/GaAs layer. The {Ga, _,As barriers confine the elec- € optical properties of and carrier dynamics in type-
trons close to the GaSb layer, similar to what has been foung’a‘ZSbl*ZAS/GaAs quantum dots have been investigated. In-
for In,Al; _,As/InP quantum wellé? The electron-hole over- terband absorption from type-Il quantum dots has been mea-
lap, therefore, is larger than in a QD sample withoutsured_ and Comcu_ies Wl_th_ the _photolumm_escence_ transition
Al,Ga _,As barriers. Furthermore in our samples, we Studyenerg|es.(8b,As) Intermixing with an antimony diffusion .
the dynamic behavior of a sheet of dots. We attribute th ength of about 1 nm is found_ to make an important contri-
slow decay constantrf) of about 600 ns to recombination ution to the observe_d transition energies of wetting Iayer
from separated, individual electron-hole pairs; it correspond§lnd guantum dot luminescence. Both dipole layer formation

to a much smaller wave-function overlap of about 6% Toand guantum dot state filling contribute to the luminescence
"~ blueshift with increasing excitation density. At moderate car-

obtain a realistic estimate of the oscillator strength, in sub-.er densities. of several excitons per dot. fast decay times of
sequent studies realistic sample geometries and carrier dep- ' P ’ y

sities will be considered for model calculations. ns are found suggesting. Wave-ft_mction overlap S"T‘”ar to
As opposed to a type-I quantum dot, in the case of a Gas pe-1 systems. At low carrier densities, Iarge decay times in

quantum dot the electrons are localized in the two-\ (ej:_order of_l,us are found as expected for isolated, spatially

dimensional GaAs, surrounding the positively charged Gash' Irect excitons.

region. For this reason the electrons are equally available for

guantum dots and the wetting layer. This explains the similar

decay time for both QD’s and the WL. Figure 12 shows the This work has been supported by Deutsche Forschungs-

temperature dependence of decay time for QD’s and the wetgemeinschatft in the framework of Sfb 296, Volkswagenstif-

ting layer. The measurements are carried out between 5 andng, and INTAS. One of ugN.N.L.) is grateful to the Al-

65 K. The QD initial decay time is independent of the tem-exander von Humboldt-Stiftung.
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