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We report direct measurement of the spin dynamics of electrons and holes in self-assembled InAs
qguantum dotgQDs) through polarization-sensitive time-resolved photoluminescence experiments
on modulation-doped quantum dot heterostructures. Our measured hole spin decay time is
considerably longer than in bulk and quantum well semiconductor systems, indicating that the
removal of near degenerate hole states with different spin quantization axes through
three-dimensional confinement slows hole spin relaxation in semiconductors. The electron and hole
spin decay times we obser¢@ectrons: 120 ps; holes: 29)m@e consistent with spin relaxation via
phonon-mediated virtual scattering between the lowest two confined levels in the QDs, which have
a mixed spin character due to the spin—orbit interactior2@®5 American Institute of Physics

[DOI: 10.1063/1.1857047

Spin relaxation kinetics in semiconductor quantum dotsquantum confinement leads to a fully discrete energy spec-
(QDs have gained considerable interest in recent years, anmum, thereby eliminating near degenerate hole states with
have been studied using a variety of optical techniques, indifferent spin quantization axes. The hole spin lifetime is
cluding Hanle experimenfs,pump probe methods? and  therefore expected to be strongly enhanced in semiconductor
time-resolved photoluminescen%‘@.Such studies are moti- QDs relative to higher dimensional semiconductor systems.
vated by proposals for a scalable quantum computation ar- In this letter, we report the direct measurement of elec-
chitecture based on manipulation of QD spsiﬁjsl.The elec- tron and hole spin dynamics in self-assembled InAs QDs.
tron spin relaxation time has been found to vary over severgbeparate measurement of the spin kinetics of electrons and
orders of magnitude depending on the type of QD systenmoles is accomplished through the application of time-
studied™ and even in similar QD structures depending onresolved photoluminescen€ERPL) experiments to modula-
experimental parameters such as temperature and optical eden doped(p or n) QD heterostructures. The high doping
citation energ;}.‘5’6These studies have stimulated several re-density we have used, which corresponds to 20 carriers per
cent theoretical works aimed at identifying the operative requantum dot, results in occupation of the lowest helkec-
laxation mechanism for the QD electron sptfs: tron) levels in thep (n) modulation doped QDs over a wide

In contrast, much less is known about the spin kinetickemperature range, thereby allowing us to clearly isolate the
of holes in QDs. Hole spin dynamics will play a crucial role ground state spin kinetics of the individual carrier species, in
in quantum computation schemes in which information iscontrast to existing studies involving trion dynamtéOur
stored in spin-polarized exciton® and have recently been measured spin relaxation tin{&;) for electrons(120 ps is
shown to facilitate optical manipulation of electron spins inonly moderately longer than that for hol€9 p3, in stark
n-doped QDs through the electron-hole exchangeontrast to the situation in  higher-dimensional
interaction® Hole spin kinetics were first studied several semiconductors®6182\We calculate the electronic struc-
years ago in semiconductor quantum wells usingndgpe  ture of our InAs QDs using eight-band strain-dependept
modulation doped heterostructure to provide isolation of theheory. Together with the observation of weak or no tempera-
hole spin decay; and were examined in bulk recently using ture dependence in the carrier spin kinetics, our calculations
a nondegenerate pump probe experiment in which hole spisuggest that a spin flip process mediated by virtual scattering
states were interrogated through intervalence bangyith a nonequilibrium phonon population is responsible for
absorptiort.” Due to the spin—orbit interaction, hole states inour measured spin relaxation times for both electrons and
llI-V semiconductors have a mixed spin character. In thisholes. Such a mechanism is also consistent with the earlier
case, the spin quantization axis varies from state to state argbservation of differingelectronspin kinetics for conditions
any scattering processvith, e.g., phonons, other carriers, of resonant or nonresonant optical excitation of the QD
defects, etg.will contribute to spin relaxation. Due to the ground stat&® The hole spin decay time we observe is con-
large density of states near the band edge in bulk and qua@iderablf/ longer than in bulk semiconductSrand quantum
tum well semiconductors, such scattering processes afgells,'>*® indicating that three-dimensional quantum con-
rapid, providing short hole spin flip times in the range of afinement slows hole spin relaxation in semiconductors.
few picoseconds or les8® In contrast, three-dimensional The modulation doped InAs/GaAs QD heterostructures

were grown by molecular beam epitaxy. A corresponding

dpresent address: Dalhousie University, Halifax, Nova Scotia, Canada B3Hnd0_ped QD 'SFrUCture was also grown _ConseC.Utively under
3J5; electronic mail: kimberley.hall@dal.ca identical conditions. Each sample contains a single layer of
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FIG. 1. Results of polarization-sensitive TRPL experiments on modulation-FIG' 2. (8): Degree of circular polarizatiofp) vs time delay forp-doped

doped QDsi(a) p-doped;(b) n-doped. These data are used to evaluate theIQ:?s (cllorsedt_cL:cls_Sa?dn—d?plezdEDsﬁope_n trianglesat 7.7 K.(b?: CirClIJt' ¢
degree of circular polarization of the photoluminesceye ar polarization Kinetics a » Showing ‘@ comparison or results for

p-doped and undoped QDs. For the data(li, exponential fits provide
decay times of(150+15 ps (p-doped QD3 and (110+20 ps (undoped
. L QDs). The initial value ofp is smaller for the undoped QDs due to slower
QDs in the center of a 30 nm layer of GaAs, which is clad Oncarrier capture from the InAs wetting laye(Ref. 24, which leads to a

both sides with 340 nm AlGaAs barriers. For all samplesarger degree of spin decay prior to capture.
15 nm of undoped GaAs was deposited, followed by 2.7
monolayers of InAs to form the QD layer. Atomic force mi- ) ) . )
croscopy and cross-sectional transmission electron microgrocess. The rapid capture of spin-polarized hdlgbich
copy on similar structures indicate that the QDs are 25 nm ifPCCUrS in approximately 1 ps at 77)2% is especially crucial
diameter and 3 nm in height, with an areal density of 3due to the fa715t relaxation of hole spins in barrier and wetting
% 10 o2, For the modulation doped structures, the QDslayer stated: o _
were covered with 12 nm of undoped GaAs, followed by Single _expone_ntlal fits to th(_a decay of the circularly po-
3 nm of GaAs doped with Sin-doped QD3 or Be (p-doped Iarlzed_eml_ssmr{Flg. 2(@)] provide QD ground state spin
QDs at a density of X 1018 cm 3. The associated free car- relaxation times _of 120 ps for e_Iectrorp and 29 ps for holes.
riers (approximately 20 per QDaccumulate in the QD The electron spin rel_axat|on t|mél'§) is unchang_ed from_
states. This high doping density ensures that, prior to opticaf / to 300 K, with a slightly longer lifetime found in experi-
excitation, the lowest electron levels-doped QD or hole ~ Ments at 12 K(150 p3. In n-doped QDs, the degree of cir-
levels (p-doped QD3 will be occupied over a wide tempera- cular polarization decreases sharply with increasing tempera-
ture range with carriers that have a random spin orientatiorfure due to stronger relaxation of hole spins prior to capture
Recombination of optically injected spin-polarized electronsinto the QDs. This restriction limited the hole spin relaxation
(p-doped QD3 or holes(n-doped QD3 with the unpolarized Measurements to temperature420 K. The hole spin life-
background population allows us to separately interrogatéime (T} remains constant between 77 and 120 K and in-
the spin dynamics of the individual carrier spe 8s. creases to 45 ps at 12 K, similar to the temperature depen-
In the TRPL experiments, spin-polarized electron—-holedence of the electron spin kinetics. The decay rate of the
pairs are injected into the InAs wetting layer using circularly circularly polarized emission is similar for thedoped QDs
polarized(c,) 100 fs, 1.40 eV pulses from a Ti:sapphire la- and the corresponding undoped QD struct{igze Fig. 2b)
ser. The photoluminescence from the QD ground state optifor results at 12 K; the corresponding comparison at 300 K
cal transition is time-resolved through sum frequency genwas reported earliéf] The dynamics of the circularly polar-
eration in a KNbQ crystal with a second linearly polarized ized emission from the undoped QDs reflect the electron spin
Ti:sapphire pulse. A quarter waveplate in the photolumineskinetics. Our observations therefore indicate thaisTunaf-
cence path provides discrimination between theand o fected by the large built-in hole population in tipedoped
components of the PL, and the carrier spin polarization i€QDs, suggesting that electron—hole exchange scattering does
given by the emission polarizatiéi?* For all experiments, not influence the carrier spin dynamics.
the optically injected carrier density is1 electron—hole pair The observation of comparable electron and hole spin
per QD, corresponding to a factor of 20 below the back-decay timeqgwhich only differ by a factor of #is in stark
ground doping levet® contrast to the situation in  higher-dimensional
Results of polarization-dependent TRPL experiments orsemiconductors"**?! and provides insight into the
the modulation doped QDs are presented in Fig. 1. Due tonechanism governing the carrier spin flip kinetics. The rapid
the spin unpolarized background population in these modurelaxation of hole spins compared to electrons in bulk semi-
lation doped QDs the degree of circular polarization reflectsonductors(e.g., in bulk GaAs at 300 KT "%~ 100 fs'®
the spin dynamics of the optically injected holesdoped  while T £°""=50 pd?) is due to the degeneracy between
QDsy) or electrong(p-doped QDg In contrast, for TRPL ex- the heavy-hole and light-hole valence bands, which leads to
periments on undoped QDs, emission results from capturestrong mixing of the hole spin states. Confinement lifts this
electron—hole pairs, and therefore reflects only the spin kidegeneracy in semiconductor quantum wells, leading to
netics of the carrier with the longer spin relaxation time,weaker hole spin mixind>’ however rapid quasielastic
which is typically assumed to be the electrons. The strongcattering processes still provide an efficient spin flip chan-
circularly polarized emission we observe for batldoped  nel for holes.(For example, in quantum well3, ¢ is typi-
andp-doped QDs, which is positive for all temperatures andcally a few picoseconds at cryogenic temperat&géé.
optical time delays, indicates that both electrons and hole$hree-dimensional quantum confinement in a semiconductor
retain spin information during capture from the InAs wetting QD leads to a fully discrete energy spectrum, which drasti-
layer and relaxation to the QD ground state. The ultrafastally reduces the availability of energy-conserving scattering
carrier capture in these modulation doped QDprocesses; In self-assembled InAs QDs, the hole states are
heterostructuré&?® contributes to this efficient spin capture separated by tens of milii-electron-volts! i QDs is there-
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fore expected to be enhanced relative to higher-dimensionalpin—orbit interaction, dominates the spin decay process for
semiconductors, consistent with the results in Fig).2 both electrons and holes.

In order to gain further insight into the carrier spin ki- ) )
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