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Temperature dependence of carrier relaxation in strain-induced quantum dots
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We report experimental observation and theoretical interpretation of temperature-dependent, time-resolved
luminescence from strain-induced quantum dots. The experimental results are well described by a master
equation model for the electrons. The intraband relaxation in the conduction band and the radiative recombi-
nation rate are governed by the hole populations resulting in prominent temperature dependence of the relax-
ation process. Even when only a few electrons and holes are confined in a single quantum dot the Auger-like
process provides a rapid intraband relaxation channel for electrons that can replace the phonon scattering as the
dominant relaxation mechanisfi50163-182608)51148-4

The temperature dependence of the carrier relaxation igide and 22—24 nm high with a density of10° cm 2. The

critical in developing optoelectronic components based ORrain field below the InP island produces a nearly parabolic
semiconductor quantum datQD's). In bulk and in quantum  p potential for both electrons and holes, as indicated by
wells (QW’s) the dominant mechanism of carrier relaxation poth optical measurementsand calculationé! The optical

is LO-phonon emission. Due to the discreteness of the enneasurements were performed using 200-fs pulses from a
ergy levels, however, this is no longer an efficient relaxation76-MHz mode locked titanium-sapphire laser operating at
process in QD’s and the intralevel relaxation has been as300 nm. The light was focused onto a spot with a diameter of
sumed to proceed by the slower LA-phonon emissioni00xm. The sample was mounted in a variable-temperature
process. This slowing down of the carrier relaxation in closed-cycle cryostat operating down to 12 K. Time-resolved
QD’s has been called a phonon bottlenéok.conclusive,  Juminescence was spectrally resolved using a 0.5-m mono-
experimental verification of the existence of this phononchromator and detected by a single-photon-counting tech-
bottleneck is, however, at the moment lacking. Relaxatiomique using a cooled microchannel plate photomultiplier
rates that are much fast&f; and slowef, than the calculated tube. The temporal resolution was about 35 ps. Figure 1
LA-phonon rates have been reported. Suggestions foshows the experimental time-resolved luminescence spectra
mechanisms that would break the bottleneck, extend fronmeasured af=12 K, 30 K, and 50 K. The pump intensity of
Coulomb scattering in the dense electron-hole plasma cre-
ated by the excitatioh,Auger-like energy transfer between

electrons and holdsto multiphonon processes involving time-resolved PL 5| QDo cw-PL
defects’ A reason for this controversy is that the experi- 104 ‘é T=12K
ments have been done on different types of QD samples an.~ g vt

that the inhomogeneous broadening of the QD luminescencr= 3 QDZQM ow
lines limits the knowledge of the energy level structure. The = R~ .

presence of surface states, defects and impurities may als€ o2 135 140 145

IR '.?:"wg‘wr—\
further complicate the picture. In this paper we present bothg ,m.;} R Energy (ev%zs()K
experimental and theoretical results of the temperature de 2 N R T QDO
pendence of luminescence in strain-induced QD’s. QD’s in- & W - QD1 M
duced by an InP stressor on an,Ge;_,As/GaAs QW «g 10% D3Qv W L'=".510K T=12K
(Refs. 10 and Liprovide, due to their size homogeneity and — . T=30 K

1

AR

lack of dislocations, surface states and impurities, an excel- ! | \“ “|,r P ™
lent QD system for a detailed study of carrier relaxation. e L

Our QD sample was grown by metal-organic vapor phase 2 4 Ti 6 8 10 12
epitaxy at 650 °C? The sample consists of a 7-nm-thick ime (ns)
INg.10Gap 90AS/GaAs QW separated by a 5-nm-thick GaAs  F|G. 1. The time-resolved photoluminescence from strain-
top barrier from the surface. To complete the strain-induceghduced QD’s at temperatures of 12, 30, and 50 K. The figure
QD structure, self-organized InP islands, which act as stresshows the luminescence intensities of the four lowest QD transi-
sors, were subsequently grown onto the GaAs surface byons and the QW CHHH1 transition. The inset shows the cw
depositing 3 monolayers of InP. The islands are about 75 nriuminescence at 12 K.
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_ the carrier density in the QW is high, but after that it be-
Cepmren©OD e  10-phonon comes too slow to contribute to the relaxatiém Coulomb
R process that does not need carriers in the QW to proceed is

e
[ ]
Conduction band \ / H_}_r" introduced below.
° J\ e /\ To calculate the time-dependent QD luminescence, we

[y ) need the electron and hole population in the QD as a function
of time. For the electrons the populations are obtained by
64m ev Thtraband solving a master equatidii.The master equation gives the
oW radiation Hmert transition probabilitylw(,u;)\) for finding the electron system in the
T~05ns many-particle statew, and the hole system in the many-
QD radiation T~1ns particle statex. We neglect the Coulomb interaction be-
tween the carriers in calculating the eigenstates. The many-
€— D ugerprocess particle states will thus be product states of single-particle
LA phonon electron and hole states. We factorize the probability:
! 20mevl3me"¢ Et_Frocess‘ENBOps w(u;N)=u®(u)u(\), where u®(x) and u(\) are the

N S; T probabilities of finding the electron and hole system in states
w and\, respectively, and then sum over the hole degrees of
freedom. Normalizing the probabilities, u"(\)=1 and in-

FIG. 2. A schematic picture of the different mechanisms in-troducing the notationI',_, , =2,/ ,Fmﬁ#,)\,uh()\),
volved in the carrier relaxation. wherel’ ,\_, ./, is the rate from statey\) to (u'\"), we
obtain the master equation for the electron system

40 W/cm 2 was chosen so that the ground and excited QD

states were at least partly filled. The inset shows the time- e/ \_ _ e Y.

averaged luminescence curve recorded at 12 K. The ground- ww) ; Dyt (MH% Puropt™(w) - (M)

state QD transition at 1.35 eV is indexed by QDO, first ex-

cited state by QD1, etc. The transition at 1.45 eV arises fron] € ratesl’, ., of the processes that changes the many-

the unperturbed QW between the stressor islands. The initiﬁlectron state fromu to p, are described below. Our aim
rise time for all transitions of the time-resolved spectra is"@S been to find one set of relaxation parameters that fit all

demperatures. Equatiofl) contains all intraband relaxation
rocesses, and the radiative recombination rate that is pro-

Valence band

faster than the resolution of the detection. However, a ris
time of =1 ps has been obtained from a similar sample usin% . i
a luminescence up-conversion measurerieafter the ini-  Portional to the measured luminescence. _ ,

tial rise, the intensity from the QDO transition stays almost '€ carier capture from the QW is Eitt/ascrlbed using a
constant for several ns while the QW and the excited-statBnenomenological pumping ral&,(t)=I'oe ", where the
transitions start to decay beginning from the highest energy!ue ofl'o depends on the initial carrier density in the QW,

transitions. As the temperature is increased, the QW transfd thus on the intensity of the excitation pulse. The time
tion decays more rapidly, while for all QD transitions the dépendence of the pump rate reflects the decrease in the
decay time becomes slower. number of carriers in the QW, due to radiative recombination

The depth of the confinement potential is approximately2d/or capture into the Qlthe measured decay time of the
100 meV for the electrons, and 30 meV for the hdfeBor QW luminescence is of the order of 0.5 n$he time scale
the lowest laying states the level spacing is 11 meV betweeA" which there is a significant pumping is given fyin our
consecutive electron states, while for the holes it is 3—4 meynodel. The electron intralevel transitions, at low QW carrier
(see Fig. 2 Due to the shallower potential well and smaller densities, is taken to proceed by a mechanism where the
level spacing the holes are captured into the QD from thdransition of an electron to a lower level is followed by the
QW faster than the electrons. The capture is mediated b§ubseql_1ent emission of a hole from the QRef. § (pro-
Coulomb scattering and LO-phonon emissidBSAS= 35 cesses in which a hole is captured and an electron is excited
meV). The rate of both of these processes dekr)Jends on tHy an electron is deexcited while another is excited in the QD
carrier density in the QW, and the capture process becomdi@ve both negligible ratesThis Auger rate depends on the
inefficient at low carrier densities in the Q¥.When the Nole populationf},, wherej refers to any hole level that is
electrons and holes are in the QD they can recombine radi&!0S€ enough to the QW continuum states, so that the energy
tively, on a time scale o£1 ns, and/or undergo an intraband difference between the initial and final electron level is
transition. Two candidates for the intraband relaxation€N0ugh to eject the hole into the QW continuum. The rate for
mechanism are Coulomb scattering and LA-phonon emissiol{!® Process where an electron makes a transition from ievel
(the sharp, discrete states makes the LO-phonon process Uf-f While the hole is ejected from I:—:*vgainto the continuum
likely). For the electrons the bulk LA phonons are much toosStateky , is obtained from the Fermi’s golden rule expression
slow (7f,~10® ns) to make a contribution before the elec-

. L 2 S
trons and holes recombine rgdlanvéfyHowever, the level rﬁﬂfkf: 72 L dn(K)V(re—11)| L bl |2
spacing in the valence band is smaller and therefore the hole k
LA-phonon rate will be much fasterr{, =33 ps for a level Xt 8(A ey — e(K)) @

spacing of 3 meY. The Coulomb mediated intraband scat-
tering mechanism described by Bockelmann and Eféder whereV is the Coulomb potential ande;; is the energy
very efficient in the first 0.5 ns of the carrier relaxation, whendifference between discrete initial and final states. In evalu-



RAPID COMMUNICATIONS

PRB 58 TEMPERATURE DEPENDENCE OF CARREE. .. R15 995

ating Eq.(2) we have described the hole continuum states by ' ' ' ' " '

two-dimensional(2D) plane-wave states of momentukn 1000 T=30K @ |
The total Auger rate is obtained by summing over all hole g
. .. e . ra -06ns
levels Ia_ymg above the minimum energy. Settrﬁg=.1 in ; 3 5(1 150p5)exp(-40.7ns)
Eq.(2) gives an Auger rate of the order 1ds The radiative 8 “J
recombination rate is given by %
q:, y “‘ %IV»
E 100} I

'r;d'— EI<¢eld Elgh)Pfho(Ae;—fwg) , (3)

wherei andj are the electron and hole states, respectively. OD2 d qm%
JJ I

The matrix element is implicitly assumed to be taken be- . Y
1000F ¢~ 3 4 ]

tween the vacuum and the one-photon statd he electron

and hole wave functions are nearly those of a 2D harmonic - QDO transition (b)
oscillator. For the radiative electron-hole recombination the § [=06ns
selection rules aran=0 andAm=0, wheren is the radial g ““w*‘ﬂ‘k rra (1/50ps)exp(-1/0.7ns)
and m the angular quantum numb¥r Evaluating Eq.(3), < 1
gives an electron-hole recombination timeIgt5=0.7 ns. B “v\"
This recombination time is nearly constant for the lowest 3 \\ w
laying QD levels. The angular quantum numbefeads to a = 100¢ MT 50 K ]
di=2m+1-fold degeneracy of levael. Summing over the ;TJSOK
degenerate states, and setting the radiative and Auger matrix T- 1”2 ,'(‘*NM&
elements equal for all transitions, the master equation for the . . . MJ. mm ,
electrons becomes 0 2 4 6 8 10 12
t(ns)
U(ny-+) = =T 2 (d=m)u(ny ) FIG. 3. A compari -
. 3. parison of the computed time dependence of the

intensities with the experimental data. () we show the lines
o QDO0, QD1, and QD2 at=30 K. In (b) the intensity of QDO line is
+Fp(t)§i: (di—ni+1)us(ny---ni—1---) plotted as a function of time for temperatures of 12, 30, and 50 K.

number of holes. This assumption is based on the fact that
Fradz nifihue(nl o) the sample is initially neutrgbr only very weakly positively
' doped, and that the absorption of photons creates electrons
and holes in pairs. A situation where we would have a net
+Frad2 (ni+1)fLue(ng - ny+ 1) charged QD would be energetically unfavorable due to Cou-
| lomb repulsion, so fluctuations in the net charge are sup-
pressed. All excitonic effects have been excluded since it has
—TA> nk(dj—nj)fﬁue(nlm) been found that the independent particle picture is in good
ik agreement with the observed state filfihgnd magnetolumi-
nescence dat®.
+TAY, (ne+ 1)(dj—n;+1) In numerically solving Eq.(4), we have included three
Ik QD levels, leading to a maximum system size of 12 electrons
LNt 1) 4) and 12 holes. C_Zalculf';\tions on a QD with four_ electron levels,
' show that the inclusion of further levels, while greatly add-
where then; refers to the one particle states including spin.ing to the computational time, does not change the results in
The degeneracy factal; does not include the spin, as the an essential way. Initially, the electrofend holegare in the
master equation cannot be spin separated. QW. Luminescence rise-time measurements give rise times
To obtain the hole populations, we sum over the electroron the order of 1 p&® In our calculations", controls the
degrees of freedom. The resulting equation will give the holedegree of state filling and thus relative ordering of the maxi-
population probability, which then can be used to calculatanum intensity for the different QD lines. Experiments done
the expectation valué},. Three processes change the holeat different excitation intensities1-10 mW show no
populations: LA-phonon emission/absorption, Auger emischange in the relative ordering of the QD lines. Our model is
sion (a redistribution of the electrons lead to an emission ofalso quite insensitive to small changes lig within this
a hole into the continuumand hole capture from the QW. range. A best fit to experiment for a homogeneous excitation
The LA-phonon rate is much slower than the other processegivesl‘51= 50 ps[Fig. 3@], whereas for a Gaussian profile
involved. It will therefore be the LA-phonon rate that deter-we obtainT'; *~1 ps. The time constant, determines the
mines how fast the hole population will thermalize. Direct|ength of the plateau region of the luminescence maximum
calculations show that the time required fr— fi;,.,, ison  [Fig. 3@)]. The value ofry is related to the decay time of the
the order of 50-200 ps, depending on the temperatur®W luminescence. The decay time 0.5 ns for the QW lumi-
(higher temperature, faster thermalizajiowwe make the as- nescence obtained from Fig. 1 is close to the fitted value
sumption that the number of electrons in the QD equals the;=0.7 ns.

XFRue(ny -+
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All lower, vacant electron states will be quickly filled by lowest QD levels, thus leaving fewer holes for the electrons
the Coulomb scattering from the QW and the Auger processo recombine with. Further support for this interpretation is
When 10 electrons and holes are present in the QD, the putgiven by an experiment done on a QD sample where the QD
Auger rate at 12 K is approximately 0.5 sand at 50 K, 1 hole level spacing is increased from 3 to 5 meV. For this
ps *. The situation changes drastically when only one elecsample the observed changes in the QD luminescence decay
tron and hole is left in the QD, where the corresponding rateg§ime as function of temperature are smaller, as predicted by
are 1 ns*and 100 ns', respectively, thus showing a promi- our model. This trend is also consistent with experiments
nent temperature effect. Note that these numbers depenghne on QD samples with much larger intersublevel energy
critically on the depths of the confinement potentials. Whensyacing than our QD's. In these experiments a temperature-
the lower states are completely filled the Auger process will,jenendent QD luminescence decay time is observed until
stop. Holes emitted will then be recaptured into the QDo onset of thermionic emission of carriers from the &D.
where they are thermalized by the LA phonons. Al this halo'Thus if the intersublevel spacing is much larger than the

pens on a time scale that is much shorter than the rad'at'vt%ermal energy kT, the temperature dependence of the QD

recombination time. The electrons will see a thermal ho'%uminescence is expected to vanish. In calculating Fib) 3
population during the later stages of the carrier relaxation. P ' 9

Note that in our model the relaxation process is coupled td’e have fixed the value of the_ relaxation parameters at one

the hole population dynamics and therefore we cannot use &MPerature and the other luminescence curves has been pro-

single constant rate to describe intraband relaxation. duced by only varying the temperature. As can be seen from
A consequence of the thermal hole population is that thé 19S- 3@ and 3b), there is not a perfect fit between theory

to Fradfﬁ with fih: [ The slope is thus temperature a1Ses due to many-body effects, although this suggestion

therm- . .
dependent through the Fermi distribution of the holes. AgVould need further work in order to be confirmed.

i . is determined when we fix the temperature and the In conclusion we have presented a mechanism for break-

level spacing, a direct fitting of the experimental data giveéng| the _phonon bottleneck, Wh'Ch gives a qualitative agree-
-1 L . ment with the measured luminescence. The observed tem-
rad= 0.6 ns, which is in excellent agreement with the theo-

? . : perature dependence of the time-resolved luminescence can
ggcﬁggsﬁlgfﬁgaﬁugigf 83)6]5 r:ﬁag\lg.:(\?;]ry-rsriﬁilez;ﬂ;erg- be well explained by using the assumption of a thermal hole

perature behavior to the QDO line, and also give a goocPOpwatlon'

agreement between theory and experiment. The increase in The financial support of the Academy of Finland under
the QD luminescence relaxation time with increasing tem-Contracts Nos. 37787, 37789, 34158, and TEKES under
perature is due to the thermal excitation of holes from theContract Nos. 537/401/96 is gratefully acknowledged.
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