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Efficient electron spin detection with positively charged quantum dots
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We report the application of time- and polarization-resolved photoluminescence up-conversion
spectroscopy to the study of spin capture and energy relaxation in positively and negatively charged,
as well as neutral InAs self-assembled quantum dots. When compared to the neutral dots, we find
that carrier capture and relaxation to the ground state is much faster in the highly charged dots,
suggesting that electron—hole scattering dominates this process. The long spin lifetime, short
capture time, and high radiative efficiency of the positively charged dots, indicates that these
structures are superior to both quantum well and neutral quantum dot light-emitting diode spin
detectors for spintronics applications. 004 American Institute of Physics.
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The efficient detection of spin-polarized carriers is a cru-+QDs reduces spin relaxation in the GaAs barriers prior to
cial issue for the design of semiconductor-based spintronicapture, resulting in a six-fold enhancement in the time-
devices' A light-emitting diode (LED) configuration em- integrated spin detection efficiency with the incorporation of
ploying a quantum well as an optical marker has proven tgositive charge on the QDs. Our experiments, which repre-
be an effective means of detecting spin-polarized carfigrs. sent the first measurement of electron spin dynamics in posi-
In a spin LED, the degree of circular polarization of the tively charged QD nanostructures, also indicate that the pres-
quantum well luminescence provides a direct measure of thence of a large population of excess holes has little if any
spin polarization of the carriers arriving at the spatial loca-influence on the electron spin relaxation time in the QDs, in
tion of the quantum well. contrast with the findings imp-type bulk semiconductots

The application of semiconductor quantum dé@Ds ~ and in modulatiorp-doped quantum well:*
in such a spin detection scheme is expected to provide a The self-assembled InAs QDs were grown by molecular-
substantial improvement in spin sensitivity over the use of &€am epitaxy under identical conditions for structures with
quantum well*~” Recent studies of electron spin dynamics ina@nd without modulation doping. Each sample contains a
neutral QD&% have revealed that the discrete energy leveingle layer of QDs embedded in the center of a 30 nm layer
structure in quantum dots blocks the dominant spin relax9f GaAs, cladded on both sides with 340 nm AlGaAs barri-
ation channels present in higher dimensional systems, resul'S. For all samples, 15 nm of undoped GaAs was deposited,
ing in considerably longer spin lifetimes. Combined with thefollowed by 2.7 monolayers of InAs to form the QD layer.
high optical luminescence efficiency observed in D&, Atomic force microscopy and cross-sectional transmission
these long spin lifetimes should lead to larger spin-depende//€Ctron microscopy on similar structures indicate that the
luminescence signatures in spin detection applications inco@PS are(25=5) nm |n0d|arr_u23ter and 3 nm in height, with an
porating QDs as an optical marker. The first spin LED using2€@! density of X 10" cm™2. For the neutral QD structure,
neutral QDs was recently demonstraféd. 15 nm of undoped GaAs was deposited over the QDs, while

Few experiments have examined electron spin dynamictca‘;)r the modeLIJIatiog—t()joged st;tg:turesd, 12d nmhosfi undoped
in charged QD3 Through a comparison of spin capture CaAS Was followed by 3 nm of GaAs doped wit (SiQDs)

H 8 -3
and relaxation dynamics in neutral, positivélyQDs) and or Be (+QDs at a density of 210 cm L Free charge
negatively (—QDs charged QDs, we demonstrate that carriers from the doped layer accumulate in the lower-energy

+QDs act as a highly efficient detector for spin-polarizedStateS within the InAs QDs. Since this doping density corre-

electrons. Our room-temperature time-resolved measures—ponds to~20 free carriers per QD, the QDs are highly

ments reveal that, following capture of spin-polarized eIec—Charged' In contrast o previous measurements of spin dy-
AT g cap pin-p namics in—QDs with a single extra electrdri!* Evidence
trons, the initial degree of circular polarization of the QD

.of substantial charge accumulation in the QD states is pro-

ground-state luminescence is more than four t.ime.s larger Wided by results of continuous-wave photoluminescence
+QDs compared to neutral QDs. The larger spin signature "ECWPL) experiments, as shown in the inset of Figc)1 In

+?D'S odr|g||nates frorr]n an r|]n_cre<';\seo_l rate (r)]f (r:]ap;ur_le of Epl'nbrevious CWPL studies on charged QDs, the ground-state
polarized electrons through interaction with the built-In hole o ;4| {ransition was observed to shift to low@ighe) en-

. 1516 . . . .
population,™™ as indicated by the early time dynamics of ggiag with the accumulation of excess electrémaes by 2
The large energy shifts in

the QD photoluminesceng®L). Rapid electron capture into to 4 meV per excess carrigt?.
Fig. 1, corresponding to a few tens of meV, indicate the high

dElectronic mail: kenan-gundogdu@uiowa.edu degree of charge accumulation in the QDs studied here.
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> charged and neutral QDs. Circles:QDs, triangles: Neutral QDs, and
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< 500 ; +QDy). (b) Decay of degree of circular polarization irQDs and neutral
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FIG. 1. Results of time-resolved PL experiments at 300 Kayn-QDs, (b) . . - :
neutral QDs, andc) —QDs, showing emission from the ground-state optical times larger in+QDs than in neutral QDs, while for QDs,

transition. Filled(open circles indicated dynamics of the optically injected NO Circular polarization is observed for any time delay.
(minority) carrier spin population following capture and relaxation into the The contrasting amplitudes of the circularly polarized
QDs. Inset: Results of CWPL experiments on neutral Q8did curve, emission for the charged and neutral QDs is caused by the
+QDs (dotted curvg, —QDs (dashed curve normalized to the peak of the . - . . . .
ground-state emission. influence of the built-in carrier population ofi) The species

of carrier capturedelectron or holg and(ii) the carrier cap-

ture rate. In charged QDs, the ground state will be full of

Time-resolved PL experiments were performed with 10056 4rong — QD) or holes(+QDs) prior to optical excitation
fs, 1.42 eV pulses from a Ti:Sapphire laser tuned to excit

. i Cl'§h the GaAs. Ground state emission in charged QDs therefore
carriers near the QaAs banq edge. Under C'rCUIarly'pc’l?”Zegriginates from the capture and relaxation of only the oppo-
ex0|tat|on,_ the opt_lcal sele_ctlon rufésead to the generation site charge carriers. The degree of circular polarization of the
of 50% spin-polarized carriers. The PL from the ground-statqDL from +QDs (—QDs) thus provides an indication of the
optical transition_ in t_he QDs is time-resolv_ed_usmg sum fre'residual spin polarization of captured electrghsles. The
quency gef‘e”’?“o” n a KNQO_crysth. .E”?'SS"?” from _the study of spin dynamics in modulation-doped QDs with PL
majority (minority) spin populations is distinguished using a techniques, therefore, allows for the unambiguous separation

qugrter wavgplate n the PL path. For our experiments, th%f electron and hole spin dynamics, unlike resonant pump—
excited carrier density corresponds to about one eIectron—robe experimentsThe early time dynamics of the PL un-

hole pair per QD, as estimated using the measured fluené3 . . N, o i
and the absorption coefficient of bulk Gaf%s. der linearly polarized excitatiofFig. 2(@)] indicates that car

Results of PL experiments on charged and neutral QDQers are captured more rapidly into charged QDs than

are shown in Figs. (B—1(c). Due to the spin-sensitive opti- neutral QDs. This result is attributed to a carrier capture
. gs. (& : P P process mediated by the interaction with the built-in carriers

cal selection rules in self-assembled InAs QDs for I|ghtin charged QD5162%

emission along th€001) growth direction’ the degree of '

. L X As shown in Fig. #), the rapid electron capture into
circular polarization of the QD ground state PL, given by +QDs leads to a substantially larger spin signature than in

oL—0_ neutral QDs: At the time delay corresponding to the peak of
p(%)=100x———, (1) the QD PL, the degree of circular polarization is 50% in
T +QDs, compared to 10% in neutral QDs. The observation of
directly reflects the spin polarization of carriers in the QDs.50% in +QDs, which is equal to the spin polarization of the
The results in Fig. 1 illustrate the strong effect of the QDcarrier distribution initially injected into the bulk GaAs sur-

charge on the size of the carrier spin polarizatipris four ~ rounding the QDs, indicates that no electron spin information
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is lost in the GaAs during the time required for capture intoMeasurements of spin decay dynamicst@Ds and neutral
+QDs. In contrast, more than three quarters of the initialQDs indicate that the large built-in hole population in the
electron spin polarization has been lost during the longer 45-QDs has little effect on the electron spin relaxation time.
ps PL rise time in neutral QDs. The absence of circularlyThese factors, together with the high radiative efficiency of
polarized PL from the—QDs indicates that hole spins are QDs, indicates that LEDs incorporating positively charged
completely randomized prior to captuté’ This result also  QDs offer superior performance as optoelectronic detectors
indicates that the circularly polarized emission observed irof spin-polarized electrons.
neutral QDs may be attributed exclusively to the residual
spin polarization of captured electrons. ) ' h
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