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Existence of a phonon bottleneck for excitons in quantum dots
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A phonon bottleneck is manifested for correlated electron/h@gciton states in self-organized
In,Ga, _,As/GaAs quantum dot€QD’s) with a flat, truncated shape. Suppressed relaxation and hot lumines-
cence from excited states in the low-density regime are demonstrated. The long low-temperature relaxation
time of ~7.7 ns, being~ 15 times the radiative lifetime, is attributed to a quenched polar exciton-LO-phonon
coupling in truncated QD’s based on eight-bdngb model calculations.
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Energy relaxation processes in semiconductor quanturaults for pyramidal QD'¢®1° suggests polaron formation to
dots(QD's) are a long standing problem interfering with the become important in case of enhanced coupling.
basic understanding of the phonon interaction in localized The investigated kGa _,As/GaAs QD structures were
systems. QD’s combine a weak phonon-coupling with a higlgrown by metal-organic chemical-vapor deposition on
oscillator strength due to the mesoscopic character of th&aAd001) substrate as described in Refs. 20 and 21.
wave functions. Based on the weak coupling assumption,InxGa,—xAs was deposited on top of small, capped InAs
Fermi's Golden rule was used to estimate carrier relaxatio$€ed islands to increase the area density of the optically ac-
rates in first and second ordef predicting energy conser- tive InGa_,As QD's. Transmission electron microscopy
vation to restrict relaxation in the subnanosecond region, i.eimages’ suggest a flat truncated pyramidiike shape for the
faster than radiative recombination, to a narrow energy winlnxGa —xAs/GaAs QD's with an average base length of
dow around the LO-phonon enerdgr multiples theregf ~ ~20 nm and height of-3 nm. The lateral QD density is
Thus relaxation between the discrete eigenstates of QD's will 3% 10° cm %

in general be slower than recombination processes due to the 1yPical ~ PL properties  of  the investigated
lack of suitable final states, leading to so-called “phonon!™G&-xAs/GaAs QD structures are shown in Fig. 1. Nor-
bottleneck” effect< malized PL spectra excited nonresonantly by aii faser at

Time-resolved experiments point, however, to fast intra_various densitieépanel(a)]_ show the ground state transition
dot relaxation in obvious contradiction to the expectedlab'aled 10 at 0.999 eV with a half-width of 34 meV and, at

phonon-bottleneck-" The temperature dependence of the
PL rise timé and the near-resonant excitation beha/ot°
nevertheless support energy relaxation by inelastic LO-
phonon scattering, suggesting predictions based on Fermi’s
Golden rule to fail for small QD’s. Indeed, the nondiagonal
elements of the Fifdich coupling to LO phonons lead to the
formation of vibronic(polaron states:**2which might pro-
vide wide energy windows for efficient relaxation. The decay
of such polaron states by the anharmonic decay of the in-
volved phonon allows for fast relaxation on a few-ps time
scale'®*being much shorter than typical radiative lifetimes. -

Self-organized QD’s provide an efficient means to test the T T T
influence of the polar exciton-LO-phonon coupling on the E | 3
relaxation dynamics. The coupling strength, being propor-
tional to the local charge densitygepends on the difference
of the electron and hole wave functidgi$®and, thus, on the
particular structural properties of such QD’s. For instance,
enhanced coupling is observed for pyramidal QB's.

In this Rapid Communication, we report on the exciton . ' .
dynamics in flat, truncated self-organizeq®a, _,As/GaAs 09 10 Ll 12 13 14
QD's demonstrating the existence of a pronounced phonon Energy (eV)
bottleneck for excited electron/holexciton states in pho- FIG. 1. PL and PLE spectra of J6a, ,As/GaAs QD’s. Panel
toluminescencéPL), PL excitation(PLE), and time-resolved  (a) depicts PL spectra for various excitation densitie,(
PL (TRPL) experiments. Eight-bankl- p model calculations =241 eV). The weak PL peaks at 1.19 eV and 1.27 eV are attrib-
show that the slow relaxation~7.7 ns) of the resonantly uted to unpaired seed QD's and localized wetting layer states, re-
excited exciton states is related to a quenched polar excitopectively. Panelb) compares the low-density PL to the PLE spec-
LO-phonon coupling in the flat QD’s. A comparison to re- trum of the PL maximum.

Normalized Intensity

1

InGaAs QDs
T=7K B ]

I ~5mWem (b)'g
" 1

Intensity

0163-1829/2001/624)/24130%4)/$20.00 64 241305-1 ©2001 The American Physical Society



RAPID COMMUNICATIONS

R. HEITZ et al. PHYSICAL REVIEW B 64 24130%R)
[ T T T T T T
~40 @
g
InGaAs QDs
g 20 excitation: I1
-------------------------- detection: 10
T ) S A
""""" 10F T T T T T T T T T T _.
""""""" detection: 10 oo n 1
. 1 . 1 . 1 . 1 . 1 I “-‘ Trel
2 o 50 100 150 200 250 [ 10
w a
§ AE (meV) | Trel < TO“1
E @ -‘ rad r:
E (b) TX) : 1E \‘\ vacuum 4
g 20 L . 3
E 80
S
Z
InGaAs QDs .
detection: 10 . . . =
excitation: I1 (see panel (a)) o 50 100 150 200 250
N M I B R T(K)
0 400 800 1200
t (ps) FIG. 3. Temperature dependency of the relaxation yield between

I1 and 10(a) and the lifetimegb). Full lines represent a fit of the
relaxation yield and the I1 lifetime within a three-level exciton
'scheme, which is depicted in the inset. The dashed line represents
the extracted exciton relaxation time. The increase of the effective

. o . . . exciton lifetime with increasing temperature results from the ther-
high excitation densities, three excited state transition groupg,a| population of excited hole states having a lower recombination

|abe|292d 11-3 with energy spacings between 65 meV and 8@opability with the ground state electrdhAbove ~220 K ther-
meV: The expected substructure of these pé%}&|$ mal escape of carriers becomes importantl

masked by inhomogeneous broadening and, thus, neglected
describing the experimental results. Of particular interest ishe excited 11 state is the bottleneck in the excitation of the
the unusual behavior of the first excited state transition I1. Ilground state 10, i.e., the rise time is determined by the bal-
maintains~16% of the intensity of 10 even for excitation ance of relaxation and recombination of the 11 state. The
rates well below one exciton per QD and lifetime, suggestingobservation of multi-LO-phonon resonances in the PLE effi-
hot luminescence. Indeed, the PLE spectrum of the groundiency for InAs/GaAs QD's reported receritfr *°indicates
state transitiofipanel(b)], which has been excited by a tung- direct relaxation of 11 to 10 in a single-step process, demon-
sten lamp dispersed by an 0.27-m double grating monochrastrating that a simplified quasi-partialexciton term scheme
mator, shows LO-phonon-assisted ground state absotptionas shown as inset in Fig(l® provides an adequate descrip-
at 1.034 eV but a minimum of the excitation efficiency in thetion of the dynamics.
spectral region of the 11 absorption. The results indicate un- Further insights into the relaxation process between 11
ambiguously, that for the I1 state radiative recombination isand 10 are obtained from temperature-dependent measure-
more efficient than relaxation, causing recombination from anents. Figure @) depicts PLE spectra of the ground state
non-equilibrium exciton distribution. luminescence 10 for various temperatures. The spectra are
The relaxation-limited dynamics is directly evident from normalized at the 13 resonance to compensate for thermal
TRPL measurements under resonant excitation ofHig. escape of carriers above220 K, which reduces also the
2(b)] by ~1.5 ps long pulses of an optical parametric oscil-ground state lifetiméFig. 3(b)].>* Above ~65 K excitation
lator pumped by a ps-Ti:Sapphire laser. The PL was specsia the 11 absorption becomes gradually more efficient, indi-
trally dispersed by a subtractive 0.35-m double gratingcating thermally activated relaxation. The temperature evo-
monochromator and detected by a multi-channel-plate phdution of the intensity ratio 11/13, being proportional to the
tomultiplier with an S1-cathode in time-correlated single-relaxation yield between I1 and 10, is summarized in Fig.
photon counting mode, providing for a system response t@(a). The altered exciton dynamics reflects in the transients
the laser pulses with a half-width 620 ps. At 20 K the of the ground state PL 10 exciting resonantly the 11 exciton
intensity of the ground state transition 10 shows a slow risestate 70 meV above the temperature-dependent ground state
and peaks with a delay ef 600 ps to the excitation. A least energy[Fig. 2b)]. The rise of the ground state emission
squares fit of two exponentialsonvoluted with the system accelerates for temperatures abev80 K. The derived rise
responsgto the transient yields (48050) ps for both the and decay times are summarized in Fi¢)3
rise (7,is¢) and decay fgecay Processes. Note that the rise  As outlined above, exciting resonantly the I1 state the
time corresponds to the decay time observed for the resonadyynamics can be described in a three-level exciton scheme
PL of I1 (not shown, equivalent results for similar samples[inset of Fig. 3b)] composed of the vacuum level, 10, and I1,
have been reported recentfy Obviously, the relaxation of which accounts for radiative recombination of I€f{,;) and

FIG. 2. (a) PLE spectra of the ground state PL affl corre-
sponding transients for resonant excitation of 11 for various tem
peratures.
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11 (71,4) and relaxation from 11 to 10 £). Thereby, a ' ' ) T
temperature-dependent relaxation  rate 7,J+ 1/70 [ B Lz} @ PP LTS v ]
+ng(E,,T)] was assumed, witmg the Bose distribution, I 1
E, the activation energy, anB a temperature-independent i /_.,»_;‘/_‘,,nf'“ € |
contribution (e.g., spontaneous relaxation at low tempera- ' & @
tures. - hy =R
Solid lines in Fig. 3 represent a fit of the relaxation yield
7= gl (Thg+ Trer) (~11/13) [panel(a)] and the lifetime of

11 Tise=TragTrer/(Tiaa + Trel) [Panel(b)]. The best fit yields ' o TnadGars s

Exciton Energy (eV)

i
¢

a radiative lifetimerr, 4 of 520 ps for 11, being only slightly i i

larger than that of 10 £°, ;=480 ps). The activation energy e

E, of the relaxation process is with (33}) meV in good ool ® _»’A ]
agreement with typical LO-phonon energies of InAs/GaAs | 300
QD’s"*® supporting inelastic LO-phonon scattering A 1L

to dominate the relaxation rate. The derived temperature- 0012} - v- 12 _-A .

independent relaxation contributid®=0.0033+0.0002 is,
however, much lower than unity, which would be expected
for a resonant one-LO-phonon process. The small spontane-
ous relaxation rate is attributed to the higher-order character
of the relaxation process: For the given relaxation energy
of ~70 meV, two LO phonons as well as the coupling
to acoustic phonons are required to maintain energy con-
servation. The dashed line in Fig(b3 represents the ex-
tracted thermally activated relaxation time{)). The relax-
ation time is as long as-7.7 ns, being~15 times the ra-
diative lifetime (1), below 60 K and decreases 680 ps

at 300 K. At 120 K the radiative lifetime and the relaxation
time are equal marking the transition from relaxation- to
recombination-limited exciton dynamics.

The present results are in contrast to previous ones fohe oscillator strength of the ground state transition 10 by
pyramidal InAs QD's, for which even at He temperaturesapoyt two times(not shown. The calculations will be pre-
recombination-limited exciton dynamics was observed eXCitsanted in detail elsewhefé.
ing resonantly 11, i.e.77, <714 *>'°We propose the differ-  The shape-dependent electron and hole wave functions
ent exciton dynamics to result from the Shape'd'ape”derProvide for a qualitative understanding of the different exci-
electron/hole overlap, thus, reflecting the different structuraign dynamics in pyramidal and truncated QD’s. On the one
properties of the respectively investigated QD's. hand, the increased electron-hole overlap accounts for a

In pyramidal QD’s the symmetry-lowering 6,, by the  shorter ground state lifetime in truncated QD's 480 ps)
atomic structure anisotropy and the piezoelectric effect |ead§ompared to that in pyramidal ones-975 ps)'® On the
to different elongation directions for electron and hole wavegther hand, the concomitant variation of the polar exciton-
fUnCtionS:.LS'lB’sthe effects are caused by the inequivalentLO_phonon Coup”ndpane'(b)] exp|ains the Suppressed ex-
side facets and edges, respectively. Truncating such QDjton relaxation in truncated QD’s as well as faster relaxation
gradually restores thé,, symmetry of the electron and hole jn pyramidal QD's. The average Huang-Rhys factor of the
wave functions as is shown in Fig. 4, depicting exciton propfour exciton states constituting the 11 peak, weighted by the
erties for InAs/GaAs QD’s of systematically varying shaperespective oscillator strength, decreases by more than one
predicted by eight-band-p calculations in the Hartree order of magnitude when truncating the QD’s.
approximationt®1°2°A pyramidal QD with a base length of ~ The temperature and shape dependencies of the relaxation
17 nm was successively truncated redistributing the InAs talynamics confirm phonon-assisted relaxation for the strongly
maintain a constant volume. Parial shows the effect of the localized exciton states in self-organized QD’s and put an
side facets and edges to decrease with decreasing aspect ugper limit on the probabilities of competing channels like
tio: The fine structure splitting of the first excited state tran-Auger-typé’ or Coulomb-scattering processes. Note, that the
sition 11 at~1.1 eV decreases and the electron and holgphonon bottleneck is observed for the optically active 11 ex-
wave functions become more similésee the insets for the citon state. PLE spectf&.g., Fig. 1b)] show efficient popu-
exciton ground state in the two limiting cage®anel(b) lation of the ground state 10 exciting the GaAs barrier, the
shows the Huang-Rhys factor calculated for thehfiolh WL, as well as the excited exciton states 12 and 13. Obvi-
coupling to LO phonons, which is a measure for the couplingusly, excitons excited in higher energy states have addi-
strength of a particular exciton stat&”?* Truncating pyra- tional, more efficient relaxation channels, which do not in-
midal QD’s decreases the coupling for “allowed” transitions volve I1 as an intermediate state. For nonresonant excitation
with a large oscillator strength and, simultaneously, increasesnly ~16% of the excitons end up in the 11 state, Fi(p)1

Huang-Rhys Factor

FIG. 4. Calculated transition energg) and Huang-Rhys factor
(b) of exciton states in truncated pyramidal InAs/GaAs QD’s as a
function of the aspect ratio. The insets of pataldisplay electron
and hole wave functions of the ground state exciton in full pyrami-
dal (right) and the flattest truncatedeft) QD’s, respectively. The
calculations are described in the text.
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Both, Auger-type processésand a stronger polar LO- QD's based on eight-barki-p model calculations. The re-
phonon coupling of the involved exciton stafemight con-  sults suggest that depending on the QD shape, i.e., the polar
tribute to fast relaxation of the higher excited states as indeegxciton-LO-phonon coupling strength, either the formation
observed in corresponding TRPL experimetfts® of excitonic polarons, providing for recombination-limited
In conclusion, suppressed exciton relaxation has beefiynamics, or Fermi's Golden rule, explaining relaxation-
demonstrated for self-organized,@e, ,As/GaAs QD’s. A |imited dynamics with a phonon-bottleneck, are applicable.
low-temperature relaxation time of 7.7 ns leads to a pro-
nounced phonon-bottleneck effect and hot luminescence
from the first excited exciton state. The temperature depen- Parts of this work were supported by the Deutsche Fors-
dencies of the relaxation time and yield support inelasticchungsgemeinschaft in the framework of Sonderforschungs-
phonon-scattering as dominant relaxation mechanism. Thieereich 296. Parts of the electronic structure calculations
relaxation-limited exciton dynamics is attributed to thewere performed on the Cray T3E computer of the Konrad-
quenched polar exciton-LO-phonon coupling and large radiaZuse-Zentrum fu Informationstechnik Berlin within project
tive recombination probability in the investigated, truncatedBvpt13.
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