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Three distinct channels for the decay of polarons in InAs quantum dots are identified using energy and
temperature-dependent far-infrared pump-probe spectroscopy. For energies-6@3 tneV a monotonic in-
crease of the polaron relaxation time is observed, the polaron decay being shown to occur into two longitudinal
acoustic phonons. Above this energy additional decay channels into two optical phonons are allowed, leading
to the observed reduction of the decay time. We also demonstrate interlevel polaron transfer between the
closely spaceg-like excited states, with measured transfer times in good agreement with calculations for an
acoustic-phonon-mediated process.
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Over the last decade carrier relaxation in quantum dotsion and Liet al1® have considered polaron decay into 2LA
(QD9) has been a major topic of investigation in semicon-phonons(cubic overtong These decay channels are ex-
ductor physics. Early studi&€s considered electron relax- pected to extend the energy range over which polaron decay
ation via phonon emission in the weak-coupling regime. Bean occur and in Ref. 10 has been shown to lead to the
cause of the discrete density of electronic states in QDs anefficient relaxation of excited polarons even for quite large
weak energy dispersion of the longitudinal optiqdlO)  detunings(~20 me\) from the LO-phonon energy. Such
phonons it was suggested that efficient electron relaxatiotarge energy ranges for efficient relaxation from excited
(<1 ng is only possible for energies3 meV from the LO  states are expected to lead to significant suppression of pho-
phonon energy,commonly known as the phonon bottleneck non bottleneck effects in quasi-zero-dimensional quantum
effect. However, more recent studieShave shown that, due dots, decay times in the range of 10—50 psec being found in
to the discrete nature of the confined states, electrons arttie present work. The polaron decay model presented in Ref.
phonons in InAs QDs are not in the weak-coupling regimel0 has been used to explain the experimental results from a
but are strongly coupled to form polarons. This has two mairprevious report of polaron dynamics in self-assembled QDs,
consequences for intraband relaxation in QDs compared withut without identification of the phonons involved in the final
bulk or quantum well systems. The first is that the decay timestate!?
of polarons is determined by the instability of the LO- In the present communication we present the results of
phonon componerd;2C providing a lower limit of several polaron lifetime studies for a series of samples over a wide
picoseconds for the polaron decay time which is longer thamnergy range from close to the LO-phonon enddfy me\)
the typical electron relaxation time in bulk or quantum well up to ~60 meV. Careful analysis of the temperature depen-
systems(~1 p9. Second, the phonon bottleneck effect isdence of the polaron lifetime has allowed us to identify un-
removed for polaron decay, with a relatively weak increaseambiguously the main polaron decay channel as cubic over-
in the decay time predicté®iover a wide energy detuning tone to 2LA phonons. Using the approach developed bstLi
from the LO-phonon energy. al.’® we have extracted the low-temperature LO-phonon

Magnetotransmission measureméitsperformed on lifetime for InAs QDs, as well as the electron-phonon cou-
n-type self-assembled InAs/GaAs QD structures have denpling strength. From our measurements we also identify an
onstrated clear evidence for the polaron picture with strongnergy threshold~53 me\) above which decay to optical
anticrossings observed close to multiple LO-phonon enerphonons becomes significant. In addition, we have measured
gies. Calculations of polaron decay tifé€indicate that the the polaron transfer time between the two lowest-energy ex-
polaron lifetime is determined by the finite lifetime of the cited states for a set of samples with different energy sepa-
LO-phonon component, which is unstable due to phonomations between the two states. We find very good agreement
anharmonicity! Assuming that the polaron decay channel iswith our calculations assuming acoustic-phonon-assisted
the same as the LO-phonon decay channel in bulk GaAs, i.etransfer between the states.
1LO—1LO+1 transverse acousticTA), Verzelenet al® The InAs/GaAs QD samples were grown @90 GaAs
predicted that the efficient relaxation should only occur in-substrates by molecular-beam epitaxy in the Stranski—
side an energy window around the LO-phonon energyKrastranow mode. The studied structures contain either 50 or
(hw o)*x8 meV, outside which the polaron decay is 80 layers of InAs QDs separated by 50-nm intrinsic GaAs
guenched. Jacakt al® have compared this relaxation pro- spacers. Prior to growth of the multilayer samples, uncapped
cess with decay to 1LO+1 longitudinal acoustic®) pho-  reference samples were grown from which we were able to
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FIG. 1. Normalized 5 K transmission change as a function of ~F!C- 2. Measured energy dependence of the decay time at 5 K
time delay between the pump and probe for different puppbe (sollql square)sand calculate_d polaron decay timesolid line) as-
energies of 46 me\(dashed ling and 52 meV(solid line. The  SUMing an optical-phonon lifetime;;=13 ps and electron-phonon
numerical fits used to extract the decay times are indicated by soligPUP!ing strengthg=6 meV. The upper inset shows a schematic

lines. The inset shows a typical normal incidence absorption spec@AS phonon dispersion and three possible polaron decay channels,

trum for incident radiation polarized alori@11] (solid line) and to 2LA phonons(solid line), 1LO+1LA (dashed ling and 1TO

. - +1LA (dotted ling. The lower inset shows the measureblid
[011] (dashed lingfor a multilayer InAs/GaAs QD sample. squaresand calculated temperature-dependent polaron decay rates

at 44 meV assuming decay to 2LA phono(solid line), 1LO

H H H —~ X 0 —2
determine the QD densitgtypically ~4x 10*° cm™) from +1LA (dashed ling and 170+ 1LA(dotted ling,

atomic force microscope analysis. In order to achieve
population of<1 electron per dot the multilayer samples
were 5 doped in the GaAs barrier 2-nm below the QD layersPump energy. In order to extract the transmission recovery
with a sheet density equal to the measured dot density.  times a monoexponential fitting of the experimental data has
Typical normal-incidence linear absorption spectra of thebeen performed for the range of samples investigated. As
QD samples measured at 5 K are shown in the inset of Figshown in Fig. 2, where the spectral dependence of extracted
1. Incident radiation polarized anr[@Tl] ([011]) excites a _decay times for all sgmples IS pre.sented., the polaron lifetime
transition from thes-like ground state(s) to the lower increases  monotonically with increasing energy up to

(highen energy laterally confinegb-like excited state. The ~—53 meV. The energetic dependence of the decay time is a

absorption peaks associated with transitions to the Iower(?Iear signature of polaron decay, arising from the reduced

energyp-like state(p.) and higher-energy-like state(p,) phonon fraction of the polaron at larger energy detunings

: . from the LO-phonon energy. The solid line in Fig. 2 is a best
are centered at 53 and 58 meV, respectively, for this samplqit of the experimental data using the model presented in Ref.

The ~5 meV splitting between the two peaks can be ex'10, which assumes polaron decay to 2 LA phonons. Very
plained by elongation of the QDs alofig11],'® piezoelectric  good agreement is obtained up 4653 meV using the pa-
field effects!* and the atomistic symmetty.All of the QD rametersr,,=13 ps(optical-phonon lifetime at 36 me\and
samples studied have generally similar absorption spectrg=6 meV (electron coupling strength to all the LO-phonon
although some samples have a larger linewidt#i0 me\) modes.t’
due to a more inhomogeneous QD size distribution, allowing It should be noted that while the model of Ref. 10 fits the
the study of polaron decay over a relatively large energyexperimental data very well, it does not provide an unam-
range in the same sample. By performing pump-probe spewiguous identification of the polaron decay channel. In this
troscopy on a range of samples containing QDs with varyingnergy ranggup to ~53 me\) three main decay processes
lateral sizes we have been able to measure polaron dynamigse possible, while satisfying energy and momentum conser-
over an energy range 620 meV. vation, involving either the creation of two equal-energy LA
We have performed degenerate pump-probe measurghonons or the creation of a higher-energy LO/TO phonon
ments with the Dutch Free Electron Laser for Infrared Ex-and a lower-energy LA phonon as indicated in the upper
periments(FELIX) facility in order to determine the polaron inset of Fig. 2. The decay channel can be determined by
decay times with~1 ps time resolution using a three-beam measuring the temperature dependence of the decay time as
pump-probe-reference technique similar to that reported ifhe polaron damping rate is proportional to the occupation
Ref. 16. Typical time evolutions of the probe signal follow- numbers of phonona(fw;) involved in the decaj? Then,
ing the arrival of the pump pulsgpump-probe signalare  assuming the scattered energy is the polaron energy,
shown in Fig. 1 for pump/probe energies of 46 and 52 meV, B
with incident radiation polarized along tH@11] direction Lpolaron= 0l 1 +n(hey) +n(hiey)], @
(i.e., excitation of thep-statg. A clear energy dependence of wherey, is an effective anharmonic constant agd; (%w;)
the relaxation time is measured, increasing with increasings the energy of phonon belonging to théj) branch, thus
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fiwj+hiw;=fopoaonr The measured low-temperature relax-
ation rate fixes the only free parametgy. As shown in the
lower inset of Fig. 2, the temperature dependence of the po-
laron damping rate calculated for the LO/TO plus LA chan-
nels exhibit a stronger temperature dependence than for the
cubic overtone decay channgb 2LA phonon$, due to the
involvement of a lower-energy LA phonon in the former pro-
cesses. Also shown in the lower inset of Fig. 2 is the mea-
sured temperature dependence of the polaron relaxation rate
(T polaron=1/ Tpolaron) @t @ pump/probe energy of 44 meV. The
very good agreement with the experimental data of the cal-
culated damping rate for polaron decay to 2 equal-energy LA
phonons clearly demonstrates that this decay channel domi-
nates for energies up t653 meV.

Above ~53 meV a clear change in the energy depen-
dence of the experimentally determined decay times occurs,
with the measured lifetimes reducing from a maximum of
~65 to ~45 ps at 58 meV. This threshold behavior is well ¢ 3 normal incidence absorption speatiett-hand sidg for
accountf-:-d for by the_ Qr_]set of a new two_phonon decathee samples with varying_-p, splittings and corresponding
mechanism, the possibility of multiple LO/TO-phonon de- ump-probe curvegight-hand sidgmeasured at the energies indi-

cay. The energy threshold 6f53 meV for these processes is cateq by the arrows. The arrow width represents the spectral width
consistent with a simple model based on bulk phonon enelst the pump(probe.

gies. In this case, the lower limit for polaron decay is ex-
pected to occur close to twice the zone-edge InAs LO-
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phonon energy2 X LO\,as~ 52 me\) or twice the InAs TO- dN,, —10(N.=N, ) - Np, _ Np, 3)

phonon energy2 X TO,as~ 55 meV). The strong deviation dt SO s Top

of the measured decay times from those predicted using the

model of Ref. 10 arises, because the model does not take into dN N N

account these additional decay channels. e (4)
By performing pump-probe measurements using radiation dt 7 p Tpos

linearly polarized along011] we are also able to measure wherel is the pump intensity ang is the absorption coef-

polaron decay from thp, excited state. The decay times we ficient of optical transitions frons to p, states.N; is the

obtain can be directly compared to those for excitation of thepopulation of thei state, wheré=s, p_, p,. The decay time

p state(radiation polarized alonfp11]) because the overlap- . for direct transitions fronp, to s states is assumed to
ping, inhomogeneously broadenedto p_/p. absorption pe the same as fqu. at the same excitation energy. When
peaks allow pump-prol_)e measurements to be per_formed ﬁhmping intop, at energyEp,, the r, _s time is determined

the same energy for either polarization. Polarons inghe from the decay time measured _separately at an energy
excited state may either decay directly to the ground $gte Ep,-AE. Following this procedure we obtajn-p_ times of

or via the intermediat@_ state tos, meaning that any differ- 15 29 and 35 ps foAE=3.7, 4.7, and 5.5 meV, respec-
ence of the measured decay time for the two orthogonal poﬂvély. ’ T ’

larizations is a result of polaron transfer frqm to p_. We have calculated the irreversible decay from the
We have performed pump-probe measurements on thre§te top_ via acoustic-phonon emission using the Fermi
QD samples with p_-p, splittings (AE) varying from

3.7 to 5.5 meV. For each sample the pump-probe signal is 100

measured at the same ene(gyicated by the arrows in Fig.

3) with orthogonal linear polarizations. As shown in Fig. 3, 801

for all samples we observe a shorter decay time forpghe

state relative to the_ state at the same energy. This is a . 601

result of the additional parallel decay channel for polarons in ic’i/

the p, state, involving relaxation to the ground state via the o 40,
b&

p- state as shown schematically in the inset of Fig. 4. We can
deduce the. to p- transfer timer, _,, from the experimen-

tal data by fitting the pump-probe sign@olid line, Fig. 3 0
using the following combined rate equations:

201

dNg Np+ Np_ FIG. 4. Measuredsolid circleg and calculatedline) p, to p-
o lo(Ns=Np,) + + , (2)  transfer times. The inset shows the possible relaxation process for
"p,—s  Tp—s polarons from thep, state.
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golden rule. The electronic states considered in the calculaand p_ (AE) in Fig. 4. The increase of the scattering time
tion differ very slightly from polaronic states as long as wewith increasingAE arises mainly from the rapid decrease of
are interested in computing the population transfer of thehe form factor in Eq(5), with the dependence agreeing well
excited states in the Ial’ge detuning limit. For the CalCUlati0n$n both magnitude and trend with our experimenta| results
we assume bulklike and isotropic acoustic phon@a&i)  over the investigated range AE.

=cq, wherec is the sound velocity in the medium, taken  |n conclusion, we have observed three distinct decay
equal to that in GaAs The scattering timer, _, for the  mechanisms of polarons in InAs/GaAs self-assembled quan-

p.— p- relaxation is given by tum dots. The first involves polaron decay to two longitudi-
22 nal acoustic phonons which dominates belevb3 meV.
_1 - 2_77[1 +n (qg]w Above this threshold energy a second process can occur, in-
To—p. N o 8mhCs volving multiple optical-phonon decay. The third process in-
volves polaron transfer between closely spate® meV)
Xﬂs"‘ 9d3d¢|<p+|e—iﬁ-f|p_>|2, (5) excited states, for which we find very good agreement be-

tween our experimental results and an acoustic-phonon-
assisted transfer model.

ﬁchs:8p+_€pJ (6) . . . . .
Funding was provided by the UK Engineering and Physi-

where# and ¢ are the spherical angles of the wave vecfor cal Sciences Research Coun@PSRG under the EPSRC/
and Vpp(q) is the deformation potential coupling term: FOM agreement, Grant No. GR/T21158/01, and to L.R.W.
[Vop(Q)|?=%icg. The calculated scattering time is plotted and M.S.S. for EPSRC Fellowships. In addition, we would
(solid line) as a function of the energy separation betwpen like to thank the FELIX staff for their help and guidance.

*Corresponding author: Luke Wilson, Department of Physics and'F. Vallee, Phys. Rev. B9, 2460(1994).

Astronomy, University of Sheffield, Hicks Building, Hounsfield 12g, Sauvage, P. Boucaud, R. P. S. M. Lobo, F. Bras, G. Fishman, R.
Road, Sheffield, S3 7RH, UK. Email address: Prazeres, F. Glotin, J. M. Ortega, and J. M. Gerard, Phys. Rev.
luke.wilson@sheffield.ac.uk Lett. 88, 177402(2002.

1U. Bockelmann and G. Bastard, Phys. Rev4B 8947(1990). 13y. Nabetani, T. Ishikawa, S. Noda, and A. Sakaki, J. Appl. Phys.
2H., Benisty, C. M. Sotomayor-Torres, and C. Weisbuch, Phys. 76, 347(1994.

Rev. B 44, 10 945(1997). 140. stier, M. Grundmann, and D. Bimberg, Phys. Re\6® 5688
3T. Inoshita and H. Sakaki, Phys. Rev. 45, 7260(1992. (1999.
4T. Inoshita and H. Sakaki, Phys. Rev. B, R4355(1997). 15G. Bester, S. Nair, and A. Zunger, Phys. Rev.@, 161306
SP. A. Knipp, T. L. Reinecke, A. Lorke, M. Fricke, and P. M. (2003.
Petroff, Phys. Rev. B56, 1516(1997). 16p, C. Findlay, C. R. Pidgeon, R. Kotitschke, A. Hollingworth, B.
6S. Hameau, Y. Guldner, O. Verzelen, R. Ferreira, G. Bastard, J. N. Murdin, C. J. G. M. Langerak, A. F. G. van der Meer, C. M.
Zeman, A. Lemaitre, and J. M. Gerard, Phys. Rev. L&8, Ciesla, J. Oswald, A. Homer, G. Springholz, and G. Bauer,
4152(1999. Phys. Rev. B58, 12 908(1998.

’S. Hameau, J. N. Isaia, Y. Guldner, E. Deleporte, O. Verzelen, RY"We use the GaAs LO phonon energy of 36 meV to remain con-
Ferreira, G. Bastard, J. Zeman, and J. M. Gerard, Phys. Rev. B sistent with Ref. 10, however, our experimental data can also be

65, 085316(2002. well fitted assuming InAs LO phonorignergy~30 me\) with

80. Verzelen, R. Ferreira, and G. Bastard, Phys. Re62BR4809 only a small change in the coupling strength~t6.5 meV. It is
(2000. not possible for us to determine the precise nature of the LO

9L. Jacak, J. Krasnyj, D. Jacak, and P. Machnikowski, Phys. Rev. phonon component of the polaron from the present measure-
B 67, 035303(2003. ments.

10X -Q. Li, H. Nakayama, and Y. Arakawa, Phys. Rev.5B, 5069  18A similar analysis has previously been applied to LO phonon
(1999. decay in, for example, Ref. 11.

161305-4



