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Electron localization by self-assembled GaSb  /GaAs quantum dots
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We have studied the photoluminescence from type-Il GaSb/GaAs self-assembled quantum dots in
magnetic fields up to 50 T. Our results show that at low laser power, electrons are more weakly

bound to the dots than to the wetting layer, but that at high laser power, the situation is reversed. We
attribute this effect to an enhanced Coulomb interaction between a single electron and dots that are
multiply charged with holes. €003 American Institute of Physicg§DOI: 10.1063/1.1583853

Self-assembled quantum dbt€Ds) are well known for  bers were used to collect the PL and transmit it to a 0.25-m
their suitability for the study of fundamental phenomenaspectrometer with a 300-grooves/mm grating. Photon inte-
such as confinement effects, and for their strong potential fogration was performed by an InGaAs diode array with count
device applications. Type-Il QDs, in which either the elec-times varying between 0.5 and 3.8 ms in field, and up to 3 s
tron or the hole is confined in the dot, are expected to reveait zero field. The field resolution for data taken during the
novel phenomena with respect to type-I QDs, and may prov@5-ms field pulse was at worst 5%, and typically much
to be useful in carrier storage devices. In the GaSh/GaAbetter.
system, it is known that the holes are strongly confined to the Figure 1 shows a typical zero-field spectrum for the
dots by the valence-ban@/B) offset (the hole activaton GaSb/GaAs QD sample takenRt=30 W cni 2. It is domi-
energy is about 450 me)? but relatively little is known nated by the WL peak at about 1.38 eV. A small group of
about the electrons in these structures. In optical experipeaks centered around 1.5 eV arise from the GaAs matrix,
ments, such as those studying the blueshift of the photolumwhile the QD PL is seen as a low-intensity line at 1.15 eV
nescencéPL) with increasing laser excitatiolf. it is quite ~ with a width of about 80 meV. The inset to Fig. 1 shows the
reasonably assumed that since the electron and hole are sggigpendence of the WL luminescence peak energy on mag-
tially separated the exciton binding energy is low, and thanetic field at the same laser power density, which we now
intrinsic electron localization is negligible. In this letter, we discuss. It should be noted that we have verified that the field
report magnetophotoluminescence measurements of seflependence of the WL PL is the same at low power
assembled GaSb QDs in a GaAs matrix. Our data show th40.5 W cnm ?) as it is at high laser power (30 W ¢if). The
at low incident laser power, the QD excitons are moredata show behavior that is typical of an exciton, with a para-
weakly bound than the wetting layéwL) excitons. How-  bolic shift at low field, and a linear field-dependence at high
ever, at high laser power, the QD binding energy increases
such that it becomes larger than the WL exciton binding . ; . " . : . : . .
energy. We attribute this effect to the increased Coulomb I T e WL
potential of dots that are multiply charged with holes as a
result of optical pumping-®

The samples were grown by low-pressure metalorganic
chemical vapor deposition on semi-insulating Ga@91)
substrates. The growth procedure is similar to that described
in Ref. 6. After the growth of a 300-nm
GaAs/Al, /Ga, ;As/GaAs buffer layer, about 3 monolayers of
GaSb were deposited, leading to the formation of self-
assembled QDs. An interruptiorf & s preceded the growth
of 30 nm of GaAs, 20 nm of Al;-Ga sAs, and then 10 nm of
GaAs to cap the structure. PL experiments were performed at
4.2 K in a He bath cryostat placed in the bore of a pulsed-
field magnet. The field was applied perpendicular to the
plane of the sample, which was excited with the 532-nm line
of a solid-state laser or the 514.5-nm line of anAaser via FIG. 1. Low-temperature PL spectrum Rt 30 W cni 2. The shoulder on

a 200um-core optical fiber. The incident laser power densityhe jow-energy side of the WL peak is an artifact due to a step-like increase

P was varied between 0.01 and 100 WchT Six other fi-  in the quantum efficiency of the detector from high to low energy. The inset
shows the field dependence of the peak of the WL PL. The solid line is a fit
to the data, while the arrow indicates the transition between high- and low-
¥Electronic mail: manus.hayne@fys.kuleuven.ac.be field limits.
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FIG. 3. Calculated structure of the minimum of the CB and maximum of the
VB for GaSbh/GaAs QDs in the growth direction through the centdiapé
FIG. 2. Peak position of the QD PL as determined by Gaussian fits as &.2-nm-high “thin” dot and(b) a 4.4-nm-high “thick” dot. Both dots are
function of magnetic field for incident laser powers(af 0.5 W cni?, and  truncated pyramids with base widths of 25 and 22 nm, respectively. The
(b) 30 W cni 2. The solid lines are fits to the data. The arrowadnindicates ~ Vertical dashed lines show the upper and lower interfaces of the dot. Note
the transition between high- and low-field limits. The inset shows the dethat heavy-holéHH) light-hole (LH) degeneracy is lifted by the strain.
pendence of the PL peak energy on the incident laser power density.
radius. Specifically, in the hydrogen model of the exciton

field. The field at which the transition between the two re-described earlier, doubling should halveag, but the reduc-
gimes occurs is reached when the magnetic length\i2 1/ tion we see is considerably weaker. Thus, even thaygtor
times the exciton Bohr radiusg, while the high-field slope the dot exciton is smaller than for the WL exciton, the former
gives the reduced exciton mags Fitting the datireveals is actually more extended than expected from the exciton
that these parameters are 9.5 nm and W@8lrespectively, mass, indicating a strong reduction in the Coulomb interac-
wheremy is the free-electron mass. In both GaSh and GaAstion due to the separation of the electron and the hole. We
the electron effective mass),, is about 10 times smaller can parameterize this in the approximation of the hydrogenic
than the hole effective mass; therefore, in either material théinding energyEB=ﬁ/2,ua§, which shows a reduction from
electron will, to a good approximation, determine the excitons.2 meV for the WL exciton to 3.7 meV for the QD exciton.
effective mass and effective Bohr radius. Since GaSb has a In order to understand how this additional electron—hole
large dielectric constant (15.7) and smallm, (0.039m,),°  separation arises, we have calculated the form of the
the donor effective Bohr radius is relatively large at 21 nm,conduction-bandCB) minimum and the VB maximum in
and is twice that of GaAs. The Bohr radius we measure ishe growth direction for the GaSh/GaAs system using eight-
thus comparable to that of an electron in GaAs, and the massandk.p calculations that include the strain distributithh.
is also closer to that of an electron in GaAs than in Ga@p ( Figure 3a) shows the result for a thin dot, which, in the
in GaAs is 0.06ih,).° In the hydrogen model of the exciton, limiting case, can be considered to describe the WL. Elec-
the Bohr radiusaBzags/(,u/mo), whereag:O.529A isthe trons will be expelled from the GaSb by the large strain-
Bohr radius of the hydrogen atom. Substituting in our experiinduced maximum in the CB, but can be bound either above
mental values foag and u, we find thate =14.5, which is  or below the WL by the Coulomb interaction with a hole that
exactly the value given by the average ofor GaSb and is confined within the WL, forming an indirect exciton. For a
GaAs, and therefore indicates that such a model is reasothick dot[Fig. 3(b)] the CB offset also excludes the electrons
able. from the GaSb, but the strain in the GaAs matrix surrounding

We now turn to the QDs. Figure(® shows the QD PL the dot varies the local band gap, warping the CB famther
peak position as a function of magnetic field at a much lowerepelling the electronsThe net effect is that the exciton
P of 0.5 Wcm 2. Using a QD density of $101°cm 2  binding energy for the QD should be lower than for the WL,
(Ref. 6), a ground-state recombination time of 27(Ref. 5, as we have observed.
and assuming that all the photoexcited holes are captured by We now go on to discuss the magnetic field dependence
the dots, we find that the average hole occupancy of the dotsf the QD PL atP=30 W cmi 2 [Fig. 2b)], the same laser
at this laser power is- 1. The magneto-PL data show a simi- poweras was used for the investigation of the WL PL. Using
lar form to that of the inset of Fig. 1, but the size of the the same assumptions as at low power, but a recombination
diamagnetic shift between zero and 50 T is reduced by &me of 5 ns to account for the charging of the dots at high
factor of 2 (14 meV instead of 31 me)V Fitting the curve  power’ we estimate the hole occupancy to be 13. It is im-
yieldsag=8.0 nm andu=0.16my. The size of the diamag- mediately observed that at zero-field, the QD PL peak posi-
netic shift is inversely proportional tg, so the strong de- tion in Fig. 2b) is 28 meV higher in energy than for Fig.
crease in the size of the shift for these data compared to thog¢a); a result of the widely reported laser-induced PL blue-
of the WL is due to the increase jm, which is itself aimost  shift (inset of Fig. 2 in type-Il dots>*'112At this laser
certainly a result of a strain-induced enhancement of the@ower, the diamagnetic shift between zero and 50 T is re-
electron mass due to the deformation of the GaAs lattice byluced to 10 meV. Indeed, the lateral confinement is now so

the GaSb QDS A larger . should also reduce the Bohr strong that the data can be described by a parabolic field
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dependence up to the highest fields. Fitting the data with a In summary, we have measured the diamagnetic shift of

parabolic and linear field dependence gives a curve indistinthe photoluminescence from self-assembled GaSh/GaAs

guishable from the entirely parabolic one, with a transition toqguantum dots in magnetic fields up to 50 T. At low laser

the high-field limit at 47 T, and @ andag of 0.16my and 5.3  power, we find that the QD excitons are more weakly bound

nm, respectively. It is worth noting that since the slope of thethan wetting-layer excitons. We attribute this to the spatial

data can only increasgor stay the sameat higher fields, separation of electrons and holes by strain in the GaAs sur-

these values are both upper limits. Indeed, given that anyjounding the dots. At high laser power, the dots become mul-

decrease in these parameters is restricted by the fact that thgly charged with holes, and the QD binding energy exceeds

ratio aé/,u should remain constant, and given thais the  that of the WL excitons.

same as at lower power, it is reasonable to assume that these

values are close to the correct ones. Doing so, we find a This work was supported by the FWO-Viaanderen, the
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power is increased. This strengthens the Coulomb interaction

between each dot and a single electron, making the latter
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